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ABSTRACT
Electrochemical Fabrication of Semiconductor Nanostructure Arrays for
Photonic Applications
Stephen Patrick McGinnis

Theoretical and experimental investigations of the properties of semiconductor nanostructures have
been an active area of research due to the enhanced performance that is observed when electrons and
holes are spatially confined in one, two or three dimensions. However, the development of viable
photonic devices using this phenomenon requires the development of appropriate fabrication
techniques that can provide control over nanostructure size, material composition, and periodicity
for structures with dimensions less than 20 nm. To address these challenges, a nanostructure
synthesis technique has been developed that is based on the self-organization of nanometer scale
pores during the anodization of aluminum thin films. This template can then be used for direct
synthesis of semiconductor material, or as a pattern transfer mask for the etching of structures in a
semiconductor substrate.
In this work, alumina template technology has been transferred from the exclusive use of an
aluminum substrate to a thin film technology that can be applied to an arbitrary substrate material.
This thin film process has been developed and characterized to permit control and uniformity over
both nanostructure length and diameter. In addition, a Al/Pt/Si structure has been developed to
permit direct DC synthesis of semiconductor nanostructures. Finally, the ability of this template to
serve as a mask for direct etching of nanoscale features on a semiconductor substrate has been
evaluated. This technology is currently being developed to provide device applications in the area
of photovoltaic devices and silicon electro-optic modulators.
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Chapter 1

Introduction

The development of nanoscale semiconductor devices has been the focus of increasing scientific
research during the past 25 years. This high degree of interest is due to the strong enhancement of
electronic and optical properties that occurs when electrons are strongly confined in one, two or
three dimensions [1]. This research effort has demonstrated that no single fabrication technique is
universally applicable for the production of nanometer scale semiconductor devices. Electron-beam
lithography [2-4], atomic beam holography [5], and scanning probe lithography [6] are considered
to be the preferred methods for the fabrication of low dimensional electronic devices [7, 8].
However, for low dimensional photonic devices, the use of “nanogrowth” techniques is being
investigated to complement the more traditional fabrication methods. These nanogrowth techniques
capitalize on the self-patterning of natural systems where the semiconductor material is synthesized
in the size and shape of the desired nanostructure.

These methods include fabrication of

nanostructure arrays using self-organized epitaxial growth [9-14], chemical synthesis of colloidal
nanostructures [15-20], synthesis of nanostructures in glass and polymer materials [21-26], and
template based chemical synthesis of nanostructures [27-32].

In the specific area of nanoscale optoelectronics, one of the priorities identified by the National
Nanostructure Initiative is to develop “new approaches to synthesis and processing that will lead to
1

affordable commercial fabrication [33]”. To meet this goal, it is important to closely tailor
fabrication techniques to device requirements and to consider commercial fabrication issues at all
stages of research and development. With this in mind, an ideal template for photonic applications
should provide: (a) good pore size control and periodicity, (b) good structural and mechanical
integrity, (c) chemically inert material for a wide variety of deposited active materials, (d) easily
manipulated template size parameters, (e) an economical fabrication process and (f) high
transparency over a wide range of the optical spectra.

This dissertation will focus on the

development of a thin film porous alumina template based nanostructure synthesis technique that
has the potential to meet the requirements listed above.

1.1

Competing Nanostructure Fabrication Technologies

As mentioned previously, numerous techniques for the fabrication of nanometer scale structures
have been developed. Each of these techniques provides a unique strength for a particular
application area. In this section, the most popular current techniques will be reviewed and their
strengths and weaknesses highlighted.

Porous Silicon
The closest competing technology, and the inspiration for the alumina template technique, is the
electrochemical anodization of silicon to form porous silicon. Porous silicon (PS) has been the
subject of continuous theoretical and experimental investigations since the first observation of room
temperature visible photoluminescence from this material in 1990[34]. Much of this investigation
has centered on determining the exact mechanism of light emission in PS, with quantum size effect
and emission from Siloxene considered to be the most likely candidates [35]. Recent observations
2

of continuous tuning of the photoluminescence (PL) spectra with porous silicon nanostructure size
[36], the correlation between PL blue shift and radiative lifetime [37], and the observation of
transverse-optical (TO) photon replicas in resonantly-excited PL spectra [38] indicate that the
quantum size effect is at least partly responsible for producing the observed luminescence in porous
silicon. These results are supplemented by the observation of a shift in the PL and absorption
spectrum of porous silicon with an applied electric field consistent with the Quantum Confined Stark
Effect (QCSE). This result is discussed in more detail in Appendix A [39].

Porous silicon is fabricated by the electrochemical anodic etching of crystalline silicon in an HF
solution. The resulting material structure has best been described as an interconnected network of
nanoscale silicon structures with varying size and dimensionality [40]. As a result of this size
variation, porous silicon shows a broad emission band as a function of wavelength (on the order of
300nm). The lack of a narrow emission linewidth, coupled with the delicate physical nature of the
porous silicon structures has limited device applications using this material. Phillip Fauchet at the
University of Rochester has demonstrated the integration of room temperature LEDs with silicon
bipolar junction transistor devices [40]. However, the lifetime of the optically active structures is
not reported. The primary degradation mechanism for porous silicon is an “aging effect” related to
oxidation of the silicon nanostructures [40]. Due to the size (~ 2 nm) and large surface are of the
nanostructures, native oxide formation can significantly degrade device performance by causing a
relatively large change in material diameter. Perhaps the most promising application for porous
silicon is its use as an integrated visible and infrared optical waveguide material with reported losses
down to 1 dB/cm [41, 42], or as an anti-reflection coating for crystalline silicon photovoltaic cells.

In summary, the porous silicon fabrication technique provides the ability to form highly luminescent
structures using an indirect band-gap substrate (silicon). A primary limitation of this approach has
3

been the inability to identify an appropriate encapsulation material for the porous silicon. As a
result, mechanical damage to the nanostructures and chemical aging effects significantly reduce the
reliability and operational lifetime of fabricated devices. This technique is compatible with
conventional silicon CMOS processing, primarily due to the ability to use conventional photoresists
to mask the HF etching process.

Lithographic Techniques
The traditional and most precise method for nanostructure formation is the use of lithographic
techniques coupled with MBE/MOCVD material growth. While electron beam lithogaphy remains
the standard nano-pattern definition technique, scanning probe microscopy (SPM) and atomic beam
hologaphy have begun to be used for nanoscale device fabrication [3, 43, 44].

The minimum feature size for electron-beam lithography is primarily limited by the resist material
used, with a feature size of 7 nm reported using a methylstyrene resist [7]. While this feature size
is small in comparison to most devices, it is important to remember that porous silicon is composed
of a large number of structures with sizes down to 2 nm, and pores in alumina have been
demonstrated down to 4 nm. Therefore, while electron-beam lithography can provide precise
placement and definition of small structures, the minimum feature size is still larger than that
obtained with other non-lithographic techniques. The second limitation of e-beam lithography is
the serial nature of the approach and the Coloumb interaction between electrons in the beam. While
a number of attempts to relax these limitations have been proposed [3], none have been able to
demonstrate a throughput close to that needed to form dense arrays of individual nanostructures.
A final concern with e-beam lithography is defect creation in the semiconductor material from the
energy transfer of the electron beam to the substrate material [45]. For the case of semiconductor
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nanostructrues, this damage can result in pinning of the Fermi level at the surface, resulting in a
variation in the effective electrical size of the nanostructure.

An interesting technique to relax these limitations is the use of atomic beam holography [46, 47].
In this approach, atoms (typically Ne) are cooled to ultra-low temperature (50 µK) and diffracted
through a computer generated hologram [7]. The potential advantages of this approach are that it
can provide nanometer scale lithographic definition (~ 5 nm) over a large area (~10 microns)
without the use of energetic particles. While this technique is promising, there are several
significant limiations. The first is that the minimum feature size actually obtained at present is on
the millimeter scale. In addition, this feature size was obtained using a micro-channel plate (MCP)
and not with a resist material. As seen with e-beam lithography, the primary limiting factor in
obtaining an ultimate minimum size may be the development of an appropriate resist than can
provide both feature resolution as well as appropriate resistance to various etch techniques. Finally,
the expense of the atomic beam generation and cooling systems (as well as holographic mask
fabrication) may limit initial development of this approach. However, the initial capital cost may
not be an issue for commercial integrated circuit processing assuming that a sufficient wafer
throughput can be maintained.

The most precise method for fabricating nanometer scale structures is the use of scanning probe
lithography [6, 44, 48, 49]. Using this technique, semiconductor structures can be patterned by: (a)
low energy exposure of resists, (b) thermo-mechanical writing, (c) local oxidation, (d) mechanical
modification, and (e) nanomanipulation [6]. The primary limitation of this approach is the extremely
low throughput of feature definition. In addition, the definition of nanometer scale features requires
the use of an ultra-high vacuum system and substantial vibration isolation equipment. One possible
method to improve throughput with this approach is to use a “massively-parallel” arrays of probe
5

tips. However, no effective method of addressing and controlling such an array of probes has been
presented at this time.

In summary, lithographic techniques currently appear to be the most effective method for the
fabrication of nanoscale electronic devices. This is due to the requirement to produce nanometerscale structures where device functionality is the result of the interconnection between individual
structures.

There are no fundamental limitations on size, shape, or composition of the

nanostructurses, or on the active materials. The primary limiting factor of these techniques is not
necessarily performance, but the ability to generate a low enough cost-of-ownership to enable
commercial operation.

Heteroepitaxial Self Assembled Structures
The primary technique used for the development of quantum dot lasers is the self-assembly of
quantum dots during MBE/MOVPE heteroepitaxy [13, 50-60]. This approach relies on nonequilibrium heteroepitaxial growth utilizing a stepped (vicinal) surface as a template [61]. The
primary advantage of this approach is the excellent material quality resulting from the
MBE/MOVPE growth and the lack of an etching/lithography step that can result in material
damage. By varying the growth properties the structures can range from quantum wires to “strings
of quantum dots” [61]. While lasing has been demonstrated due to the high material quality, and
low threshold has been observed due to the low discrete density of states in quantum dots, these
structures tend to have significant inhomogeneous line broadening due to variation in nanostructure
size [50].

This approach can provide structures ranging from quantum dots to quantum wires by varying the
material deposition properties. The composition of the nanostructures is limited to III-V and II-VI
6

elements that can be deposited by MOVPE or MBE techniques. In addition, the use of a given
substrate material limits the choice of deposited nanostructure material to maintain quantum
confinement. As presently constructed, this technique is not compatible with silicon CMOS
processing due to the requirement for a stepped (vicinal) substrate to prevent anti-phase disorder
(APD) [62].

Colloidal Semiconductors
The preparation of colloidal semiconductors in solution provides the best method for experimental
verification of theoretical results in the physics of nanostructures. Using colloidal techniques,
solutions with nearly monodisperse particle size distributions with uniform spherical shape and sizes
down to 1.5 nm can be formed [63]. In addition, by coating the particles with an appropriate organic
shell [64], electrons or holes can be rapidly removed from the quantum dot, allowing observation
of carrier relaxation dynamics by infrared pump-probe spectroscopy. Using this technique, the
“phonon bottleneck” in quantum dots was observed for the first time experimentally [65].

Using this technique a number of III-V, IV, and II-VI semiconductor quantum dots have been
synthesized in solution. The size distribution is highly uniform and the nanostructures are generally
spherical. The primary limitation of this approach is that the colloids are synthesized in solution,
and as a result using these structures for device applications has been problematic. Deposition and
drying of the solution on a substrate material results in clumping of the individual particles with loss
of quantum confinement [15].

7

Doped Glasses
One of the oldest methods of semiconductor nanocrystal synthesis has been the heat treatment of a
glass host doped with semiconductor precursors (e.g. CdO and Te).

After heat treatment

homogeneous nucleation of the semiconductor precursors results in the formation of nanocrystals
within the transparent host material [21, 22, 66, 67]. Using this approach , nanostructures with good
size distribution (~6 %) and small size (~ 3 nm) can be formed. The primary limitation of this
approach is the high process temperature required to melt the glass host material, and the lack of
control over nanocrystal periodicity.

The advantages of this approach is that it provides quantum dot formation at relatively low cost with
excellent encapsulation.

However, this encapsulation also limits the ability to contact the

nanostructures for detector applications. CMOS applications are limited due to the requirement to
deposit the material as a molten glass.

Template Based Approaches
In addition to the use of an anodized aluminum template, several other template based approaches
have been reported. One of the earliest reported non-lithographic nanostructure fabrication
techniques is based on the use of track-etched polymer membranes. In this approach, nanometer
scale damage paths are formed in a polymer material as the result of irradiation by heavy ions. The
resulting damage paths can be etched resulting in pores with diameters down to 30 nm and lengths
of up to several microns. Active superconductor and metals can then be deposited in the pores using
standard chemical synthesis techniques. The primary application area for this approach has been
in the investigation of giant-magnetoresistance effects in metal nanowires [68-70]. The limitations
of polymer track membranes are relatively large pore diameters (30 nm), lack of size control, and
lack of pore periodicity.
8

A second approach is the use of zeolite structures as a template for chemical synthesis of
semiconductor nanostructures. In particular, the MCM-41 host material has been used to synthesize
a number of semiconductor materials including CdSe [32], Si [71], Ge [72], InP [73], GaAs [73],
CdS [74], and GaN [75, 76]. MCM-41 provides a hexagonal array of cylindrical pores with
diameters down to 2.7 nm and a reported size distribution (FWHM of 0.2 nm) calculated by N2
desorption data [32]. However, there is no evidence that this technique has been used to form thin
films of nanostructures. Instead, the zeolite host material is used in powder form, washed with
toluene to remove excess material, and precipitated as a powder with MCM-41 loaded
semiconductor nanostructures [32]. According to the various reports, this is done to allow
characterization by various analytical techniques. However, it is significant to note that no reference
is made to optical characterization of the thin film nanostructure arrays.

The final template based synthesis method to be discussed is the use of carbon nanotubes. Carbon
nanotubes have been synthesized in alumina templates to from fixed parallel arrays of nanotubes
[77-79]. In addition, there is one report of using a carbon nanotube as a template for chemical
synthesis of semiconductor material [80]. However, this tends to be a “template within a template
approach” and does not appear to provide significant fabrication or application advantages.

Summary
A number of semiconductor nanostructure fabrication techniques have been demonstrated that have
potential for very specific applications. In particular, the use of lithographic techniques provides
the greatest control over size and shape for research applications. However, the development of
sufficient throughput for volume production remains the fundamental challenge. Porous silicon
remains a popular technique due to its ability to directly provide luminescent structures using a
silicon substrate. However, unless the particle size distribution and encapsulation issues are
9

addressed, this technique does not appear to have significant device applications. Heteroepitaxial
techniques are primarily restricted to the development of quantum dot lasers. This approach
provides the highest level of material quality, however, size distribution and uniformity are not
significantly improved over other less expensive techniques. Doped glasses have been used to
demonstrate high performance optical modulators [81] and provide excellent encapsulation of the
nanostructures. However, integration issues and poor nanostructure periodicity limit this approach.

1.2

Alumina Template Approach

The primary focus of this dissertation is the development of a non-lithographic fabrication technique
based on the electrochemical synthesis of compound semiconductor material using a template
ofanodized alumina. A basic overview of this technique is presented in this section and is discussed
in more detail in Chapters 2 and 3.
When aluminum is anodized in an appropriate acidic electrolyte under controlled conditions, it
oxidizes to form a hydrated aluminum oxide (alumina) containing a two dimensional hexagonal
array of cylindrical pores as schematically shown in Figure 1-1. The pore diameter and the interPore
Pores

Alumina

Cell Wall
Cell Wall

Figure 1-2: FESEM image of highly
ordered pores on bulk aluminum.

Figure 1-1: Top view and cross-sectional
view of a schematic of the alumina pore
structure.

10

pore spacing depend on the anodization conditions such as electrolyte pH, temperature, anodization
current density, and aluminum microstructure (grain size). Pores can be up to several microns in
depth. The anodization parameters can be precisely controlled to form pore diameters between 4 and
100 nm with less than 10% variance in the pore size distribution in bulk aluminum (Figure 1-2). As
a result anodized alumina can act as ideal templates for the fabrication of periodic semiconductor
nanostructure arrays for photonic and electronic applications if similar order can be obtained for thin
films. Anodization is performed in a simple wet chemistry apparatus where the aluminum layer is
polarized as the anode (positive), and a platinum electrode is used as the cathode (negative).

Anodization can be performed under constant DC current (galvanostatic) or constant DC voltage
conditions (potentiostatic). Sulfuric acid and oxalic acid are typically used for the anodization of
aluminum. During the first 3-5 seconds of anodization, a thin continuous film of alumina, called the
barrier layer, is formed on top of the aluminum substrate. As anodization is continued, an array of
pores begins to develop in the barrier layer. The pore diameters increase until reaching a steady
state dimension determined by the anodization conditions. When the steady-state diameter is
reached, the pores grow in depth at a rate proportional to the anodization current density until the
aluminum has been exhausted or until the applied current is removed. Therefore both the pore
diameter, which is solely determined by the anodization conditions, and the pore depth, which can
be determined from the linear pore formation rate, can be precisely controlled. This allows the
properties of the nanostructure to be varied between those of a quasi-spherical quantum dot
(confinement in three dimensions) to a quantum wire (confinement in two dimensions). The
evolution of the optical and electrical properties of these structures as a function of the confinement
dimension has been recently been shown by Susa [82].

11

The active semiconductor material for the nanostructures is formed by electrochemical synthesis or
colloidal deposition inside the pores. The in-situ electrochemical synthesis of active materials within
the pores has been well investigated by our group as well as a number of other researchers [83, 84].
Some of the species introduced into the bulk nanoporous alumina are: gold, nickel, iron, CdS, CdTe,
ZnS, CdSe, GaAs and ternary semiconductor compounds (CdxZn1-xS). In particular, Cadium Sulfide
has been a well-investigated system both by our group and other researchers due to its high degree
of optical activity and non-linear optical properties. In addition, the synthesis of narrow band-gap
(e.g. InAs) semiconductors through the electrophoretic deposition of colloidal materials is currently
being investigated in collaboration with the University of Notre Dame.

1.3

Problem Statement

The formation of semiconductor and metallic nanostructures using alumina templates formed on
bulk aluminum substrates has been demonstrated by a number of researchers [77, 78, 80, 85-97].
However the use of an aluminum substrate is problematic for two primary reasons. First, it is
difficult to obtain aluminum substrates with a high level of material purity and a low degree of
surface roughness. Second, it is difficult to integrate the devices produced with other electronic or
photonic components such as transistors or waveguides. Therefore, it is desirable to be able to
create templates with high uniformity using an aluminum thin film deposited on an arbitrary
substrate material. After templates have been created with a high degree of periodicity and size
control, the next concern is the ability to use this to create semiconductor nanostructures with useful
properties for device applications. Finally, once arrays of nanostructures have been created, it is
necessary to be able to determine if a viable device applications exists for the material that has been
created.
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To address the challenges in the previous paragraph, three specific research goals have been
identified:

1)

To create and characterize thin film alumina templates on multiple substrate
materials.

2)

To develop a process that enables the synthesis of semiconductor nanostructures with
the level of material quality required for photonic applications.

3)

To identify commercially viable device applications for this technology.

In summary, the primary objective of this dissertation is to determine if the fabrication of
semiconductor nanostructures using a preformed alumina template is viable for photonic device
applications. Then, given that this objective is met, to lay the foundation for future research using
this technique.

1.4

Dissertation Outline

Chapter two will provide an overview of the anodization of bulk aluminum and the extension of this
technique to thin film alumina templates on a variety of substrate materials. In addition, the
characterization of these templates by imaging, photoluminescence, and electrical techniques will
be discussed.
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In chapter three, the electrochemical synthesis of compound semiconductor materials into the
alumina template pores will be presented. This will include an overview of quasi-electrochemical
techniques, AC nonaqueous deposition, DC nonaqueous deposition, and underpotential deposition.

Chapter four will discuss the use of the alumina template to create a pattern transfer mask for the
creation of nanostructure in a silicon substrate. Three different techniques to accomplish this will
be presented: porous silicon formation, RIE pattern transfer, and RIE image reversal.

Chapter five will present device applications of this technology in the development of photovoltaic
devices. In particular, the use of semiconductor nanostructures synthesized in the template pores
for the creation of multijunction solar cells will be discussed. In addition, the use of this technique
to create subwavelength textured surfaces will be analyzed.

In chapters six and seven the conclusions that can be drawn from this research as well as future work
will be presented.

Finally, Appendix A and B will contain previous work in the area of porous silicon not directly
related to the major topic of this dissertation.
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Chapter 2
Alumina Template Fabrication and Characterization

When aluminum is anodized in an oxidizing electrolyte, a thin layer of hydrated aluminum oxide,
or alumina is formed. Depending on the strength of the acidic solution used, field enhanced oxide
dissolution can compete with the aluminum oxidation process to from a material with nanometerscale pores. This property has been used since the 1930's to provide both corrosion protection for
aluminum parts as well as to dye these materials. However, during the 1990's it was realized that
the pores in alumina could provide a template for the synthesis of both semiconductor and metal
nanostructures . In fact the alumina material provides an almost ideal template since it can provide
periodic pores with good control over the size distribution, is transparent over the visible spectrum,
is electrically insulating, and is relatively corrosion resistant [98]. The primary limitation to the
development of photonic devices using this approach has been the requirement to use an aluminum
substrate. The objective of this dissertation research has been to by investigating the formation of
an ordered porous alumina thin film on an arbitrary substrate material.

In this chapter, alumina formation on bulk substrates will be discussed along with recent work
describing the formation of self-ordered structures.

Then the extension of this work to

semiconductor substrates will be presented. Finally the characterization of these templates using
imaging, optical and electrical techniques will be discussed.

15

2.1

Bulk Alumina Formation

Initial formation of alumina can be the result of a spontaneous reaction between aluminum and
oxygen than results in the creation of an insoluble anhydrous aluminum oxide layer. The selflimited formation of this nanometer scale layer can then protect the remaining aluminum from
further chemical reaction. Since this is a spontaneous chemical process, it cannot be easily
controlled and is assumed to always exist on an aluminum surface. It is for this reason that in
aluminum RIE etch procedures, an aluminum oxide etch is conducted before the aluminum etch.

When aluminum is immersed in an electrolyte and a potential is applied, the formation of thicker
oxides can take place. In the case of anodization in neutral (pH 7-8) solutions, a non-porous oxide
is formed. The thickness of this oxide is limited to several hundred nanometers, after which
dielectric breakdown of the oxide creates a short circuit ending the electrochemical reaction [99].
For the case of strong acids (sulfuric, phosphoric, oxalic) field assisted oxide dissolution results in
the formation of a close-packed array of columnar hexagonal cells. Due to the porous structure of
the films, charge transport takes place only across the barrier layer removing dielectric breakdown
as a thickness limiting mechanism.

Keller, Hunter, and Robinson first characterized porous alumina as a close-packed array of columnar
hexagonal cells each containing a central pore normal to the substrate surface [100]. A schematic
of the Keller model is shown in Figure 2-1. While several other models to explain certain aspects
of pore formation have also been developed, for this work the Keller model remains the most
relevant.
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Figure 2-1: Schematic of the Keller model for pore
formation in anodic alumina.

The electrochemical anodization of aluminum to form alumina takes place in several discrete steps.
During the first 3-5 seconds of anodization, a thin non-porous film of alumina (Al2O3) called the
barrier layer, is formed on the aluminum surface. As anodization proceeds, an array of pores
develops on the barrier layer, whose diameters increase until reaching a final dimension determined
by the anodization conditions. Once the final diameter is reached, the diameter of the pores do not
increase any further, and as the anodization is continued, the pore depths increase at a rate
proportional to the anodization current. A convenient way to monitor the anodization process is to
observe the voltage-time characteristics measured between the anode and the cathode. Since the
potential across the device is proportional to the device resistance, it increases during the first 3-5
seconds when the high resistance barrier layer is formed. Next, as the pores begin to develop, the
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potential decreases until the final pore diameter is reached, after which the potential remains
constant as the pores propagate. A schematic of the pore formation process for an alumina thin film
on bulk aluminum is shown in Figure 2-2

The initial formation of the barrier layer material is the same for the creation of both porous and
non-porous oxides. As the temperature increases, the maximum voltage increases and the position

Figure 2-2: Voltage time characteristics during anodization of bulk aluminum

of this maximum occurs earlier in the anodization process.

After this maximum potential is

reached, pore nucleation begins at the alumina surface and results in a decrease in the potential until
a steady state situation is reached. The initial nucleation of pores on the alumina surface is believed
to follow initial roughness in the barrier alumina film [99]. Since the electric field around an
asperity is enhanced [101], a non-uniform dissolution of alumina at the electrolyte interface is
created.

18

After pores are nucleated, they reach a final fixed diameter and begin to propagate through the
growing aluminum oxide (alumina). The exact mechanism for this behavior is not clear. It has been
suggested that ohmic control of the surface at the pore mouth, or an automatic adjustment of surface
film properties that stabilizes a fixed pore size [101] is responsible for this effect. For the case of
alumina formed using a bulk aluminum substrate, the voltage remains constant until anodization is
completed, or until the substrate is completely anodized. Since the electrochemical oxidation front
proceeds ahead of pore formation, a barrier layer of thickness equal to the pore diameter separates
the pore from the non-oxidized aluminum.

2.1.1

Pore Self-Organization

It has been experimentally observed that as the anodization process continues, the initial randomly
nucleated pores begin to organize into a hexagonal array and the pore size distribution is reduced
[102].

The mechanism for this behavior is currently believed to result from the formation of

repulsive forces between pores due to mechanical stress in the alumina film [103]. In [103] it is
shown that the configuration for lowest mechanical stress in the alumina film is a hexagonal array
of uniform pores.

There appear to be two methods to obtain highly ordered pore structures in alumina thin films. First,
since pore nucleation is determined by electric field variation at the alumina/electrolyte interface,
the alumina surface can be pre-patterned to obtain uniform pore nucleation. Second, the natural
tendency of the porous alumina to relax to its lowest stress state during anodization can be used to
create a highly-ordered hexagonal array of pores.
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There have been several significant attempts to provide ordered pore nucleation. Masuda has used
a silicon carbide “nano-stamp” to create preferential nucleation sites for pore growth [104]. This
technique involves the creation of a SiC master mold on which the desired pore pattern has been
created by electron-beam lithography. The master mold is then applied to the aluminum surface at
very high pressure (5 ton/cm2). This technique has demonstrated that control of pore nucleation can
lead to highly ordered pore structures. However this approach is not viable for device applications
since the master stamp is rapidly damaged due to the high pressures used in the pattern transfer
process. A second technique is the formation of an ordered structure through electropolishing of
aluminum in a perchloric acid solution [105]. This technique has also resulted in the formation of
highly ordered pore arrays. Unfortunately, the smallest pore size that can be created with this
technique is 50-55 nm due to the electropolishing dynamics. In addition, the high etch rate of
electropolishing (~1 micron/sec) makes this technique impractical for thin film applications.

The use of the inherent self-organization in porous alumina films appears to provide a more viable
approach for template formation. Very long anodization times (~ days) have demonstrated that as
the anodization time approaches infinity, nearly perfect pore order is created [106]. This has been
shown even for the case of significant defects in pore nucleation. Using his SiC stamping process,
Masuda has recently shown that the alumina templates have the ability to “self-repair” defects in the
pore structure after long anodization times [107].

A combination of these two techniques has been developed resulting in a multi-step anodization
process [106]. In this approach the aluminum substrate is partially anodized and then the porous
alumina is removed in a solution of phosphoric and chromic acid. Due to the presence of chromic
acid, there is a high degree of etch selectivity and the remaining aluminum material is not etched.
Therefore, the imprint of the pore bottoms remains at the surface of the aluminum substrate. This
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is then used as a preferential pore nucleation site for the next anodization cycle. This process can
be repeated as many times as necessary given a sufficient aluminum thickness. Since the template
is removed, pore organization can proceed at a faster rate and pore order equivalent to the
anodization of several millimeters of film can be obtained with a starting material of less than one
micron [106].

2.2

Alumina Thin Film Templates

The fabrication of alumina thin films on bulk substrates has demonstrated the feasibility of this
approach for nanostructure synthesis. However, for the development of photonic applications, thin
film templates with flexibility in the choice of substrate material is desired. In this section, the work
to develop the thin film template technology is described. In particular, the methods for thin film
deposition, template anodization, and pore widening will be presented. Finally, the development
of a platinum/alumina structure will be presented that allows the formation of single crystal
semiconductor nanostructures.

Aluminum Thin Film Deposition
The use of magnetron sputter deposition, thermal evaporation, and electron-beam evaporation were
investigated for the creation of aluminum thin films for template fabrication. The first technique
attempted was thermal evaporation of 99.999% Al pellets in a thermal evaporation system
refurbished by the Nanostructures Research Group [108]. This system is pumped with a Varian
diffusion pump and is operated at a base pressure of 5x10-6. The potential-time profile during
anodization showed the basic features expected during anodization. However the slow rise in
potential during pore propagation is believed to result from non-uniform anodization of the
deposited film. In addition, visual inspection of the anodized layer revealed non-uniform adhesion
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to the silicon substrate. These effects are believed to result from non-uniform aluminum deposition
caused by a problem with the planetary rotation system.

The second method investigated was magnetron sputtering of both 99.999% Al as well as an Al-Cu
alloy (99.999% purity.) Sputtering was preformed in a cryo-pumped deposition system in an Argon
atmosphere with base pressure of 1.0x10-6. This deposition technique (without substrate heating)
resulted in substantial roughness in the deposited aluminum material. An AFM image of the
deposited film is shown in Figure 2-3.

The final method used for thin film deposition was electron-beam evaporation of 99.999% Al using
a cryo-pumped system at a pressure of 5x10-7. This was accomplished at the University of Notre
Dame. This technique appears to provide enhanced uniformity in the deposited layer as well as
decreased surface roughness. This technique is currently the primary method of deposition of
aluminum thin films in this research except where noted.

Figure 2-3: AFM

Image of
deposited aluminum film.
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Anodization
Template formation was performed by anodization in a solution of 20% (v/v) H2SO4 at a temperature
of3o C. The low anodization temperature is used for two reasons. First, Masuda has experimentally
demonstrated that low anodization temperature (< 3o C) significantly increases pore uniformity. The
second reason is that alumina is weakly soluble in sulfuric acid leading to an undesirable isotropic
etching of the alumina pores. This effect can be eliminated by a reduction in the anodization
temperature since chemical etching is a thermally activated process. This is similar to the use of a
liquid-nitrogen cooled stage during deep-trench silicon RIE to increase etch anisotropy.

A potential time characteristic for anodization on a silicon substrate is shown in Figure 2-4. When
compared with anodization on a bulk substrate, the early stages of barrier layer formation, pore
nucleation, and pore propagation are not effected. However, a rapid increase in potential is seen as
the aluminum oxidation front hits the silicon surface. This feature is unique to anodization on nonaluminum substrates and is strongly dependent on the substrate characteristics (type, doping,

Voltage-Time Characteristics For An Annealed Anodized Aluminum Film
Thickness - 85 nm, Current Density - 7mA/cm2, Temperature - 10C
25

20

Voltage(Volts)

15

10

5

00

:0

0
00 .0
:0
1
00 .6
:0
3.
00 3
:0
5
00 .0
:0
6
00 .7
:0
8
00 .3
:1
0
00 .0
:1
1
00 .7
:1
3
00 .3
:1
5
00 .0
:1
6
00 .7
:1
8
00 .4
:2
0
00 .1
:2
1
00 .7
:2
3
0 0 .4
:2
5
00 .1
:2
6
00 .8
:2
8.
00 4
:3
0
00 .1
:3
1
00 .7
:3
3
00 .4
:3
5
00 .0
:3
6
00 .7
:3
8
00 .3
:4
0.
00 0
:4
1
00 .6
:4
3
00 .4
:4
5
00 .0
:4
6
00 .7
:4
8
00 .4
:5
0
00 .1
:5
1
00 .7
:5
3
00 .5
:5
5
00 .1
:5
6
00 .8
:5
8
01 .4
:0
0
01 .1
:0
1
01 .8
:0
3.
5

0

Tim e(m m :ss)

Figure 2-4: Potential time characteristic for template anodization on silicon.
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annealing). It is believed that the rapid increase in potential results from the anodic oxidation of the
silicon substrate. To verify this theory, an alumina template was formed on a silicon substrate and
the anodization current was left on for 15 seconds after the potential reached the maximum allowed
by the power supply (30 V). Then, the template was removed by a phosphoric acid etch. Since
there is a large degree of etch selectivity between alumina and silicon dioxide (> 100:1), this etch
should not have altered any silicon dioxide formed. The substrate was then imaged using a LEO
1530 FESEM at the Penn State National Nanofabrication Users Facility with a representative image
shown in Figure 2-5. The detection of a two layer structure and the observation of significant
charging strongly suggest that an oxide was formed at the silicon/alumina interface. However, the
structural composition and stoichiometry of this oxide have not been determined.

Figure 2-5: FESEM image showing silicon oxide formed during anodization.
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A significant advantage of using an alumina template on a silicon substrate is that the anodization
rate can be determined by monitoring the time between the initiation of anodization until the rapid
rise in potential at the silicon surface is observed. The anodization rate was determined as a function
of current density in collaboration with Paul Sines for a variety of anodization temperatures and film
thicknesses. These results are shown in Figure 2-6 and indicate a linear dependence between
anodization rate and current density, especially at low current densities.

Experimental Determination of Anodization Rate
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Figure 2-6: Experimental determination of anodization rate as a function of current density.

Pore Widening

Pore widening in 5% phosphoric acid is performed after anodization to remove the top surface of
the alumina template where non-uniform pore nucleation has occurred. This technique can also be
used to chemically remove the alumina barrier layer as well as to increase the average pore diameter.
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One concern during pore widening is to ensure a uniform distribution of the acidic solution within
the porous structure to ensure uniform chemical dissolution. To enhance uniform etching, the
templates are soaked in de-ionized (DI) water for approximately 12 hours to equilibrate the template
and reduce the effect of surface tension at the pore mouths.

Barrier Layer Engineering

A technological limitation to the development of this template based nanostructure technology is
the presence of an alumina barrier layer at the bottom of the pore. This can be chemically etched
using the pore widening process, however there is a narrow process window between complete
barrier layer removal and complete liftoff of the template. In the case of bulk alumina templates,
the barrier layer is detached from the substrate by etching in mercury chloride which also serves to
eliminate the barrier layer. A second concern is the formation of an oxide layer on the substrate at
the alumina/substrate interface. This was shown previously in the case of silicon, however a similar
anodic oxidation (or substantial substrate etching) occurs for most other materials [109].

Two approaches were investigated for addressing the barrier layer issue and substrate oxidation.
The first approach is to use a conductive oxide (i.e. ITO) as an interfacial layer (i.e.,
aluminum/ITO/silicon) to prevent oxidation of the silicon surface. Previous work tends to indicate
that ITO is stable under electrochemical processing [110]. However, to determine this for the
specific processing conditions used in template formation, this was experimentally investigated
using ITO coated glass-slides (Rs=4-8 Ω)

purchased from Digital Technologies, LTD. An

aluminum thin film was deposited by magnetron sputter deposition and was anodized in sulfuric
acid. The potential-time profile is shown in Figure 2-7. This result tends to indicate that alumina
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was formed on the templates, however the noise during the end of pore propagation suggests the
presence of an adverse chemical reaction at the alumina/ITO interface.

At the same time, the use of an aluminum/platinum/silicon structure was investigated. In this case,
a 50 nm Pt film was deposited by electron-beam evaporation followed by a 500 nm Al film without
breaking vacuum. The template was then anodized using a constant voltage and an unusual effect
was observed. Instead of the rapid increase in resistance seen in every other material, the resistance
remained constant, although a substantial amount of noise was detected. A top view and crosssectional view of the fabricated structure is shown in Figure 2-8 and 2-9 respectively.

Anodization of an aluminum film on ITO substrate no annealing
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Figure 2-7: Potential time characteristic for the alumina formation on an ITO coated glass substrate.

Figure 2-8 shows that an ordered alumina template was formed for the Al/Pt/Si structure. The
cross-sectional image shows that the pores are normal to the Pt layer and that the barrier layer is
absent. This is confirmed by noting that the angle between the pore and the Pt layer is 90o. If the
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barrier layer was in fact present, this would represent a singularity in the electric field distribution
during anodization. Therefore, it appears clear that the use of the Al/Pt/Si structure both prevents
the formation of an interfacial oxide layer and provides in-situ removal of the alumina barrier layer.
The mechanism for the barrier layer removal is believed to be field-enhanced dissolution of the
alumina and is caused by the termination of the electric field at the Pt layer. Therefore, since the
resistance of the substrate and electrolyte is negligible, all the potential drop must occur across the
barrier layer. Finally, after the barrier layer is removed, an electrolysis reaction occurs resulting in
the generation of hydrogren and oxygen. This is believed to be the cause of the noise observed at
the end of the Al/Pt/Si anodization process.

Figure 2-8: Top view of alumina pores formed on
the Al/Pt/Si structure.
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Figure 2-9: Cross-sectional image showing pores contacting
the Pt layer.

The in-situ removal of the barrier layer with the Pt/Al/Si structure is a very significant result and was
presented at the 2001 Electronic Materials Conference in South Bend, IN. This simplifies the
problem of ensuring reliable electrical contacts to the semiconductor nanostructures, and enables
the use of direct-current (DC) and under-potential (UP) deposition techniques. As will be shown
in Chapter 3, the use of these electrochemical synthesis techniques can substantially enhance
semiconductor material quality.
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2.3

Standard Process Flow

The basic process flow for the fabrication of an alumina thin film directly on a silicon substrate with
a single anodization step is described on the following pages:

Substrate Cleaning
2" p-type Si wafers with {100} orientation and 1-3 Ω-cm resistivity are used as the substrate for
template formation. These wafers are then cleaned using SummaClean for 30 minutes at a constant
temperature of 60o C. This step removes organic and heavy ion contamination. Then, any native
oxide is removed with a 3 minute dip in 100:1 HF solution at room temperature. After a 10 minute
rinse in DI water (18.2 Ω-cm), the substrates are dried with N2 and baked at 130o C for 30 minutes
to remove moisture.

Contact Formation
A back contact (170 nm) is deposited by magnetron sputter deposition using an 8" 99.999% Al main
target at 1kW deposition energy for 3 minutes. The base pressure before sputtering is typically
5x10-6, and the Argon flow rate is 100 sccm. After deposition, the back contact is annealed at 450o
C for 30 minutes in an N2 atmosphere to ensure an ohmic contact and to enhance film adhesion.

Template Aluminum Formation
Immediately after the back-contact anneal, the substrate is placed in the CVC Magnetron Sputter
system and the system is pumped to a base pressure of less than 1x10-6. Deposition is carried out
using the Al main target at an energy of 1kW. The deposition time is dependent on the thickness
required for the final alumina template. After deposition, the substrate is annealed at 400o C for 30
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minutes in an N2 atmosphere. The purpose of this step is to improve film adhesion. This does not
appear to be required for prime silicon wafers, however it does eliminate the likelihood of adhesion
problems when using test silicon wafers.

Anodization
After the wafers have cooled, they are scribed and cleaved to form four separate samples for
anodization. The anodization solution is 20% (v/v) H2SO4 prepared by dilution from 98% doubledistilled sulfuric acid. The acid is then chilled using a Masterflex peristalsis pump and Julabo chiller
until the acid reduces a final temperature of 3o C. The temperature of the bath in the chiller at this
point is -9o C. The sample is then mounted in a custom designed Teflon apparatus [111] and inserted
into the anodization solution. Anodization is then performed at either a constant current density (1040 mA/cm2), or at a constant voltage (10-30 V). After the anodization is complete, the sample and
apparatus are removed and rinsed in DI water for 10 minutes. The sample is then removed, rinsed
in DI water, and dried with N2.

Pore Widening
To enhance etch uniformity, the sample is soaked in DI water for 12 hours before pore widening.
The sample is then pore widened in a 5% phosphoric acid solution for 6 minutes. After the etch, the
sample is removed, rinsed in DI water for 10 minutes, and dried with N2.

2.4

Template Characterization

The alumina templates have currently been characterized by imaging, electrical and optical
techniques. The specific results are discussed on the following pages:
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2.4.1

Imaging

Imaging of the template material is difficult due to the combination of three factors. First, the
features of interest (pores) have diameters down to 4 nm. Second, the presence of pores in the
template means that there is a relatively large height variation within the samples. Finally, alumina
is a strongly insulating material. The combination of factors restricts imaging to the use of field
emission scanning electron microscopes (FESEM), atomic force microscopes (AFM), and
transmission electron microscopes (TEM).

TEM
An early TEM image of pores on a silicon substrate is shown in Figure 2-10. While this technique
provides the highest feature resolution, sample preparation requirements and expense limits its
usefulness for routine template characterization.

FESEM
It has been determined that the optimum instrument for template imaging is the LEO 1530 FESEM
that contains a Schottky type (ZrO-W) field emission source. This source provides the high beam
brightness and low energy spread seen with cold-cathode field emission sources, while still

Figure 2-10: TEM image of pores in
alumina. Average pore diameter is 13 nm.
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providing low beam noise (1%), and low emission current drift (< 0.5%/hour). The field emission
gun in the LEO 1530 uses a crossover-free electron path that maintains a high beam energy through
the entire electron optical column. The electron beam is decelerated to the desired energy after the
beam has passed through the scanning system. The combined effect of the crossover-free beam and
the high beam energy minimizes statistical Coulomb interactions and transverse chromatic
aberration at low beam energies. This provides a significantly increased resolution for low beam
energies (2.5 nm at 1 kV). The magnification of this instrument is continuously variable between
20X to 900,000X, with an accelerating voltage adjustable between 200 V to 30 kV. A representative
image from the LEO 1530 is shown in Figure 2-11.

Figure 2-11: LEO 1530 FESEM micrograph showing pores
in an alumina template (not pore widened.)
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In addition to the LEO 1530, a Hitachi 4500 cold cathode FESEM was used for work at the
University of Notre Dame. The cold cathode can provide theoretically higher resolution than the
LEO 1530, however this results in a significantly larger beam current density that increases charging
in insulating materials. In addition, a cold cathode filament requires substantially lower vacuum
pressure (<1x10-10) that can degrade instrument performance in a multi-user environment. A
representative image from this instrument is shown in Figure 2-8.

AFM
An image obtained using a Digital Instruments Atomic Force Microscope (AFM) is shown in Figure
2-12. It has been determined that the use of tapping mode provides the best images with this
instrument due to the large surface topography. As a result of this topography, this technique does
not provide the same image quality as an FESEM. However, it is valuable for providing quantitative
surface roughness information, primarily for the starting aluminum films.

Figure 2-12: AFM image of an alumina
template.
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2.4.2

Electrical Characterization

By the deposition of a metal top contact to the alumina template, a metal-insulator-silicon (MIS)
structure can be formed. Since this type of structure is sensitive to the insulator/semiconductor
interface as well as to ionic charge in the insulator, it can be used to characterize average template
properties. The characterization of alumina templates by CV analysis was carried out by the
deposition of an array of aluminum top contacts on an alumina template by sputter deposition
through a shadow mask. An image of a sample with the deposited top contacts is shown in Figure
2-13. After contact deposition, the current-voltage characteristics of the pads was evaluated to
ensure that leakage current was below acceptable levels. Then, the capacitance was measured as
a function of applied voltage using an HP LCR meter in collaboration with Christopher Garman.
A typical CV scan is shown in Figure 2-14.

Figure 2-13: A typical sample for CV
measurements. Small circular pads are
aluminum top contacts.
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To investigate the effect of pore widening on the alumina templates, C-V analysis was performed
on a set of silicon wafers as a function of current density and pore widening. Then, from the
observed C-V behavior, the flat-band voltage was determined. A graphical representation of this
analysis shown in Figure 2-15 demonstrates

that pore widening significantly reduces the

distribution in flat-band voltages. The most likely explanation for this behavior is that pore
widening removes the non-uniform pore nucleation layer from the templates.

Figure 2-14: A typical Capacitance-voltage characteristic for the template.
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Figure 2-15: Flatband voltages obtained from CV data of pore-widened and
pore-unwidened samples.

2.4.3

Optical Characterization

Photoluminescence characterization of alumina templates has been previously shown to result in
emission at approximately 460 nm and has been attributed to the incorporation of inorganic anions
within the alumina pore sidewalls [99]. Since CV characterization shows a reduction in flatband
voltage with pore widening, the effect of pore widening on the alumina template PL was
investigated. PL was performed at the Department of Physics at West Virginia University at 5 K
and with an excitation wavelength of 325 nm. The results are shown in Figure 2-16. These results
show a blue-shift in PL peak wavelength and an increase in emission intensity with increased pore
widening. The mechanism for this behavior is not yet clear. However, it has been observed that in
the case of porous silicon, storage in Fluroware containers results in blue emission with a narrow
spectral range. This is attributed to the outgassing of trace amounts of hydrocarbons that are then
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absorbed in the large surface area material. This may provide an explanation for the observed PL
data. The samples for this investigation were stored in Fluroware. In addition, pore widening is
known to result in an opening of the tops of the pores, resulting in increased surface area. This can
be investigated more thoroughly by performing FTIR characterization and looking for the signature
absorption bands of CH3 and CH2 at between 2939 and 2965 cm-1 [112].

Figure 2-16: Photoluminescence characterization of pore-widened templates.
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2.5

Silicon Carbide

The ability to selectively synthesize carbon nanotubes on a silicon carbide substrate is currently
being investigated in collaboration with the NASA Glenn Research Center. To accomplish this, it
is necessary to be able to deposit a periodic array of Ni dots on the silicon carbide substrate. As part
of this effort, the ability to form a template on silicon carbide was verified, and Ni was
electrochemically deposited into the template pores. A potential time characteristic for the template
formation is shown in Figure 2-17 and an FESEM image of nickel deposited into an alumina
templates is shown in Figure 2-18.
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Voltage Time characteristics for anodization of aluminum on Silicon Carbide
T=5C I = 15 mA/cm2
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Figure 2-17: A typical voltage-time curve for the anodization of aluminum on SiC substrate.

Figure 2-18: FESEM top image of nickel deposited in the pores
of alumina thin film template
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Chapter 3
Electrochemical Synthesis
Electrodeposition of semiconductor material is a particularly attractive technique since it is possible
to fabricate uniform films over a large area with low cost, high throughput, and scalability [113].
In addition, the ability to fabricate compositionally modulated or nonequilibrium alloys raises the
possibility of fabricating non-traditional semiconductor materials [114]. Finally, for the special case
of nanostructure fabrication using alumina templates, the presence of an applied electric field allows
enables the filling of high aspect ratio pores.

In this chapter, the use of electrochemical techniques for the fabrication of semiconductor
nanostructures will be discussed. In addition, characterization results for the synthesis of CdS
quantum wires using these techniques will be presented.

3.1

Chemical Deposition

The most basic method of semiconductor synthesis in the alumina template pores is referred to as
the “Miller” process and was developed at the University of Notre Dame in the early 1990's. In this
approach, after template formation, a small AC current is applied to the template to deposit a layer
of sulphide ions along the pore walls. Then, the templates are immersed in the appropriate salt
solution (i.e. CdCl2) at 100o C. Chemical analysis indicates the presence of both species (Cd, S) in
the pores. However, photoluminescence characterization reveals a very broad emission spectrum.
It is the current belief of the developer of this technique that at best only a thin film of CdS is formed
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along the pore walls due to the limited supply of sulphide ions. However, this technique is still used
by Bandyopadhyay at the University of Nebraska [115].

3.2

Nonaqueous AC Deposition

The primary method of semiconductor deposition into alumina templates formed on bulk aluminum
substrates is nonaqueous AC deposition. Nonaqueous techniques are the method of choice for
semiconductor deposition since they allow a greater flexibility in the choice of chemical precursors,
do not etch either the substrate or deposited material, and avoid the generation of hydrogen through
electrolysis of water [113].

The primary solvent used for nonaqueous deposition of II-VI

semiconductor material is Dimethyl Sulfoxide (DMSO).

The deposition of II-VI quantum wires into alumina templates using AC deposition was
systematically investigated by Moskovits starting in 1996 [116, 117]. In their deposition method,
CdCl2 and elemental sulphur are dissolved in DMSO. The material is then deposited at a
temperature ranging from between 100-160 C with an applied AC current. The use of an AC current
is required due to the presence of the alumina barrier layer. From his investigation, Moskovits was
able to conclude that:

1)

Uniform CdS quantum wires were formed without the presence of structural voids.
In addition, the quantum wires synthesized retained the template pore dimensions.

2)

Oriented growth of CdS occured with the c-axis phase of the hexagonal wurtzite
phase aligned normal to the substrate surface.
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3)

Electrochemical deposition into the alumina template increased CdS crystal order
and reduced strain when compared with CdS deposition on a bulk Pt electrode.

In his work, Moskovits concludes that the presence of nanometer scale pores results in
electrochemical growth from a single nucleation site due to the small pore diameter.

While Moskovits concentrated on structural characterization of the CdS synthesized in the
templates, he did not perform optical characterization of the material. Therefore, CdS was
synthesied in an alumina template with dimensions of 15 nm and 40 nm by the technique discussed
earlier in this section. FESEM images with the templates partially and completely removed by a
10% NaOH etch are shown in Figures 3-1 and 3-2 respectively.

Figure 3-1: FESEM Image of 40 nm CdS
quantum wires with alumina template
removed.
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Figure 3-2: 40 nm CdS wires with the alumina template
completely dissolved.

The CdS templates were then characterized by low temperature (5 K) photoluminescence and
Raman measurements by Lijun Wang in the Department of Physics at WVU. The PL results shown
in Figure 3-3 indicate intense luminescence with a relatively narrow spectral range with a peak
energy below the bandgap. At peak position the 40 nm wire luminescence is less intense and
shows emission that is consistent with the band-edge of CdS. The luminescence from the 15 nm
wires is more intense and the below band-gap feature shows structure with what appears to be a
doublet. There is no evidence of significant band-edge luminescence in this sample. There does not
appear to be a shift in PL peak position between the two samples.

Raman measurements were taken with the 514.5 nm output from an argon ion laser and the beam
was focused to a spot size of approximately 10 microns. The results are shown in the range of 300
cm-1 in Figure 3-4 and between 1000 to 4000 cm-1 in Figure 3-5. There is a significant enhancement
in Raman scattering for the sample with 15 nm diameter at the value of the first LO phonon in CdS
(300 cm-1). Weak scattering is observed for the 40 nm sample at approximately 313 cm-1. The
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decrease in the first LO phonon position with decreasing wire size is consistent with the
measurements of Moskovits who reported a shift from 308 cm-1 to 300 cm-1 for wires with
dimensions less than 10 nm. It is important to note here that the quoted values for quantum wire size
of 15 nm and 40 nm is based on measurements of the template pore diameter, rather than actual wire
diameter. In the case of Moskovits, quoted dimensions are actual quantum wire size.

Figure 3-3: PL characterization of CdS wires with diameters of 40 and 15 nm.
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Figure 3-4: Raman shift of CdS quantum wires with 15 nm
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Figure 3-5: Raman shift of CdS quantum wires with diameters of 40 nm
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The broad peak in the range between 1000-4000 cm-1 was observed by Balandin in samples
fabricated using the deposition technique discussed in Section 3.1 and was attributed to intersubband transitions in CdS quantum dots. This feature is not observed in the 40 nm sample and
therefore may indicate the onset of quantum confinement for the 15 nm diameter sample. The series
of sharp lines around 1300 cm-1 has been attributed by Giles and Wang to luminescence from trace
amounts of rare earth impurities.

3.3

DC Nonaqueous Deposition

Direct current (DC) deposition of CdS, CdSe and CdTe into alumina templates was recently
investigated by Xu [118]. This was enabled by fabrication of an alumina template on a bulk
substrate, removing the template by dissolving the barrier layer in CuCl2, and depositing silver on
the base of the template by thermal evaporation. By removing the barrier layer, this approach
enabled the use of a DC deposition technique. Deposition was preformed using the DMSO
technique discussed above with a constant current of 1.0-1.5 mA/cm2. An HRTEM image is shown
in Figure 3-6 that indicates the presence of single crystal material.

Figure 3-6: HRTEM Image of a 20 nm CdS quantum wire. (After Xu).
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While the work of Xu demonstrates the promise of the DC deposition technique, the experimental
method used is not viable for efficient material fabrication. However, the in situ removal of the
alumina barrier layer with the Al/Pt/Si structure demonstrated in Chapter 2 enables DC synthesis
of semiconductor material using a silicon substrate.
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Chapter 4
Silicon Nanostructure Fabrication
The ability to fabricate compound semiconductor nanostructures by electrochemical deposition into
an alumina template was demonstrated in the previous chapter. However, the alumina template can
also be used as a pattern transfer mask for the formation of nanometer scale structures in a substrate
material. To explore this approach, three methods for nanostructure formation on a silicon substrate
have been identified. These three approaches (electrochemical formation of porous silicon, plasma
etching of nanoscale silicon pores, and etching of silicon quantum pillars) are discussed in the
remainder of this chapter.

4.1

Template Based Formation of Porous Silicon

Porous silicon has been used since the 1950's in electronic applications (insulators, gettering,
sacrificial layers, etc.) [119] however, it was not until the observation of intense, room temperature
red photoluminescence from this material by Canham [120] in 1990 that substantial research into
the properties of this material began. Despite this research effort, practical photonic device
applications have been limited by the broad emission spectrum and the fragile nature of the material.
To address these issues, the ability to from porous silicon through a preformed alumina template was
investigated. This approach can provide the advantages of initial ordering for porous silicon
formation, as well as providing an in situ encapsulation layer through hydrolysis of the template.
An experimental plan was developed to verify first that porous silicon could be formed by an
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alumina template, and second that the template would remain intact during anodization. In the
remainder of this section, an overview of the properties of porous silicon will be presented, along
with a description of the fabrication techniques used and the results of photoluminescence
characterization of the resulting structures.

4.1.1

Porous Silicon

Porous silicon is formed by anodic etching of a crystalline silicon substrate in a solution of
hydrofluoric acid (HF). The resulting structure can be characterized as an intertwined network of
free standing nanoscale (1-4 nm) structures with substantial inhomogeneity in both size and shape.
While a detailed theoretical model for porous silicon formation remains elusive, it is generally
agreed that the basic mechanism involves anodic oxidation of the silicon substrate with subsequent
etching of that oxide in the HF solution [119].

The primary optical characterization method for porous silicon is low temperature (4.2 K) and room
temperature (300 K) photoluminescence. These measurements have detected emission ranging
from the UV at 350 nm [121] to the infrared at 1500 nm [122]. In between these extremes, emission
in the range of 400-800 nm (“S Band”), and at approximately 470 nm (“F Band”) has been detected.
The emission at 470 nm is only observed in oxidized porous silicon samples and is believed to result
from the formation of a contaminated or defective silicon dioxide layer on the nanostructures [122,
123]. Infrared emission has been observed only after annealing under UHV conditions and is
currently believed to result from dangling bonds at the nanostructure surface [124]. Ultraviolet
emission is only observed from oxidized layers and is believed to result from defects in the oxide
layer [125]. It is important to note these emission bands are distinct from the weak band-edge
luminescence observed at low temperature (4.2 K) in crystalline silicon through TO-phonon assisted
radiative recombination [122].
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Emission in the range of 400-800 nm has received the most attention since this has been
experimentally shown to be the most stable luminescence and since it is believed to result from
quantum confinement effects in the silicon nanostructures. For this luminescence to occur, it has
been experimentally demonstrated that a critical threshold of porosity must be obtained (between
70 and 80 %) [122]. This observation can be explained within the quantum confinement model by
noting that for luminescence to occur, the nanostructure confinement length must be less than the
bulk Silicon exciton Bohr radius of 5 nm [126]. For this and other reasons, it is generally accepted
that the quantum size effect is the dominant mechanism for the observed “S-Band”
photoluminescence. A detailed discussion of the experimental evidence to support this view is
provided in Appendix A.

In additional to the experimental evidence, recent theoretical work has shown that the observed red
photoluminescence is consistent with a change in the silicon band structure resulting from quantum
confinement. In particular, work by Horiguchi has verified that the effective mass approximation
is valid for silicon quantum wires with dimensions down to 1 nm [127]. Using this result, he has
shown that for quantum wires fabricated on the {100} surface of crystalline silicon, the minimum
energy of the one dimensional conduction sub-bands shift from near the X-point to the Γ-point,
regardless of wire shape [128]. Since the valence band maximum remains at the Γ-point regardless
of nanostructure size, this observation confirms that silicon quantum wires with characteristic
dimension less than the bulk exciton Bohr radius behave as a direct band-gap material. As a result,
no-phonon transitions are allowed in these silicon quantum wires, leading to an enhanced radiative
recombination rate.

A recent combined experimental and theoretical investigation has revealed that the
photoluminescence properties of porous silicon are strongly influenced by the dielectric constant of
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the medium surrounding the quantum wires [129]. As the dielectric constant is increased from the
vacuum value (εd=1), to a value larger than that of silicon (εd=11.7) the exciton binding energy
decreases by up to a factor of 100. This then results in a marked quenching of PL intensity due to
thermal disassociation of the exciton, particularly at room temperature [129]. This result is
significant since it provides increased evidence that quantum effects are responsible for the observed
luminescence, and indicates that the encapsulation of the silicon nanostructures can substantially
effect nanostructure optical properties.

4.1.2

Experimental Method

An experimental investigation was conducted to determine the viability of using an alumina layer
as both a template for porous silicon growth and as an encapsulation layer for porous silicon. This
investigation consisted of two parts. The first part was to evaluate the ability to fabrication porous
silicon through an alumina template and to determine the effects of the template on the porous
silicon optical properties. The second part was to verify that alumina remained intact during porous
silicon formation and to determine the effect of alumina pore sealing on the PL characteristics of
porous silicon. For both investigations the starting material was a 0.1-0.3 Ω-cm {100} p-type silicon
wafer. For all devices a 400 nm Al-Cu alloy was deposited on the back surface by magnetron
sputter deposition. The back contact was then annealed at 450 C in a nitrogen atmosphere for 30
minutes to provide good metal adhesion and to reduce the contact resistance. At this point the
wafers were separated into different lots for specific processing.

One set of wafers was designated to be used to fabricate porous silicon on the bare substrate surface.
The second set was designated for alumina template fabrication and 170 nm Al-Cu alloy was
deposited by magnetron sputtering. The alumina templates were then formed by anodization in 20%
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sulfuric acid at a current density of 20 mA/cm2. Each template was then paired with a bare silicon
substrate for porous silicon formation. Porous silicon was formed by anodization in a (4:1:1)
solution of DI Water, Ethanol, and 49% HF for 30 seconds at current densities of 25, 40, and 60
mA/cm2. One sample at 40 mA/cm2 was then hydrolized in 100 oC DI water for 10 seconds to
partially seal the template pores. A cross-sectional view of the material structure is shown in Figure
4-1.
Alumina template
Porous silicon
Silicon substrate

Figure 4-1 Schematic cross-section showing the formation of porous
silicon through the pores of an alumina template

4.1.3

Characterization

Photoluminescence characterization was performed at the Department of Physics at West Virginia
University at temperatures ranging from 5 to 300 K and an excitation wavelength of 325 nm. The
results of this characterization are shown in Figures 4-2, 4-3, and 4-4 and reveals that porous silicon
was formed in all samples. The PL peak positions show a red-shift with decreasing anodization
current density of 580 nm (60 mA/cm2), 620 nm (40 mA/cm2), and 700 nm (25 mA/cm2). In all
cases, the samples with an alumina template show increased PL emission when compared with the
bare porous silicon samples. For samples anodized at 60 and 40 mA/cm2 there appears to be no shift
in peak position between samples with and without templates. However, for the sample anodized
at 25 mA/cm2 there appears to be a red-shift of approximately 20 nm in PL peak position.
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Figure 4-2 Room temperature PL of PS anodized at 40
mA/cm2.

Figure 4-3: Low temperature PL of PS anodized at 40 mA/cm2.
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In addition, a top view and a cross sectional image of the partially sealed porous silicon sample were
obtained using an FESEM. The cross-sectional image revealed that a porous layer was formed with
a thickness of 450 nm. The top view confirms that the alumina template remained intact and is
shown in Figures 4-6 and 4-7. To confirm the presence of an alumina template on the other two
samples, contact pads were deposited through a shadow mask and the capacitance of the structure
was determined. The results of these measurements are consistent with the alumina template
remaining at least partially intact.

Figure 4-4: PL (80 K) of PS anodized at 25 mA/cm2.
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Figure 4-5: PL (80K) of PS formed at 60 mA/cm2.

Figure 4-6: FESEM image of hydrolized alumina template after
porous silicon formation.
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Figure 4-7: FESEM image showing pores remain intact
after porous silicon formation.

4.1.4

Analysis

The PL data indicates that porous silicon was formed through the templates even without prior
removal of the barrier layer. Alumina is known to be mildly resistant to hydrofluoric acid and with
chilling of the anodization solution, significant chemical etching of the template is not expected to
occur during the short anodization time (30 s). However, it is reasonable to assume that field
assisted dissolution of the barrier layer occurred and led to porous silicon formation. This theory
is supported by the images that demonstrate that the alumina template remains intact after
anodization. However, it is not clear if the cracking in the template is the result of chemical etching
by HF, or is the result of mechanical stress due to the formation of aluminum hydroxide during the
sealing process.

The observed PL peak positions are consistent with the nanostructure sizes and porosity expected
from the applied anodization current [130]. The fact that there is no shift in PL peak position for
samples at 40 and 60 mA/cm2 tends to indicate that there is no effective variation in average
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nanostructure size between samples with and without a template. However, the fact that the sample
formed at 25 mA/cm2 does show a significant shift tends to suggest that there may be a variation in
the nanostructure size distribution. If this is correct, the red-shift would indicate that the average
nanostructure size for the sample with the template is larger than without a template. It is significant
to note that this effect is observed for the sample with the lowest porous silicon anodization current
density and therefore the largest silicon nanostructure size. The possibility exists that the closer
match between alumina pore size and porous silicon quantum wire size has influenced the
anodization process.

The PL data also indicates that samples with a template have higher luminescent efficiency than
those without a template. This is not believed to result from the actual emission process but instead
appears to indicate enhanced detection of emitted photons during the PL experiment since it has
been demonstrated that there is a strong correlation between PL intensity and PL peak position (i.e.
an increase in intensity with decreasing emission wavelength) [131]. Therefore, based on the current
understanding of the photoluminescence properties of porous silicon, a quantum explanation for the
increased intensity would require a blue-shift in emission wavelength. The actual mechanism for
the increased photon collection efficiency is not clear. The alumina layer should provide slightly
increased absorption of both the incident and emitted photons, as well as increased reflective loss
(3.18% for the template, 0.82% for porous silicon alone).

Two possible explanations for the

increased photon collection efficiency is a “waveguiding” effect due to the air/alumina/PS structure,
and/or diffuse scattering of light at the rough alumina/air interface.

Sealing of the template pores by hydrolysis does not appear to negatively effect the optical
properties of the porous silicon layer.

This implies that aluminum hydroxide is a viable

encapsulation material for porous silicon. The next step is to calibrate the hydrolysis process for
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complete pore closure. In addition, it would be valuable to quantify any improvements in the long
term reliability of porous silicon resulting from the encapsulation layer.

4.2

Pattern Transfer

In the previous section the ability to fabricate porous silicon through an alumina template was
verified. In that technique, the template was used as a mask for electrochemical anodization of a
silicon substrate to form porous silicon. The viability of using the template to form nanometer scale
pores in a silicon substrate was recently demonstrated by collaborators at the University of Notre
Dame [132]. In their approach, an alumina template was fabricated on a silicon substrate. The
template was then pore widened and the barrier layer chemically removed in phosphoric acid. The
template pattern was transferred to the silicon substrate using an Cl2/BCl3 reactive ion etch. A crosssectional FESEM image of the nanoscale silicon pores is shown in Figure 4-8.

Figure 4-8: Cross-sectional image showing colloidal
particles deposited into silicon pores.

This technique is being used to electrophoretically deposit colloidal semiconductor nanostructures
into the silicon pores.

As a proof of concept, two types of colloidal gold particles were

electrophoretically deposited into the nanoscale silicon pores: 15 nm diameter gold particles
stabilized by citrate ligand, and 15 nm diameter gold particles with 3 nm thick silica shells [133].
The purpose of using the two different types of colloids was to determine the impact of colloid59

colloid interactions inside the nanopores. Both species deposited into the nanoporous surfaces were
found to be mechanically and chemically stable. In addition, the ability to deposit multiple colloids
into a single pore was demonstrated. An FESEM image showing the deposited colloids is shown
in Figure 4-9. The Electrochemistry Research Group at Notre Dame is currently developing a model
of the electric field distribution during electrophoresis to optimize and control the deposition
process. The preliminary results of this model indicate that a “self-focusing” phenomenon occurs
at the pore surface that helps to guide colloidal particles into the silicon pores.

Figure 4-9: FESEM top view showing colloidal particles in
silicon pores.

The ability to electrophoretically deposit nanoscale colloidal particles into the pores can be used to
fabricate an electro-optic modulator based on the quantum confined stark effect (QCSE).
Semiconductor nanostructures have the potential to provide ultra-high performance optical
modulators with large modulation depths as well as very high operation speeds. The basis of the
expected performance improvements are the strong non-linear and electro-optic effects that occur
in low dimensional nanostructures due to quantum confinement. Theoretical investigations of the
effect of electric field on the optical properties of semiconductor nanostructures show an enhanced
effect with decreasing dimensionality due to the quantum confined Franz-Keldysh effect and the
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quantum confined Stark effect (QCSE) [134, 135]. In such systems, when an electric field is applied
parallel to the direction of quantum confinement, a red-shift is observed in the absorption edge
together with an increase in the absorption coefficient. Thus, if a light beam with photon energy
close to the absorption band-edge is transmitted through the material, its intensity can be modulated
through the application of an electric field. Since QCSE and Franz-Keldysh effect are quantum
mechanical in origin, the optical property modulation caused by it is extremely fast, which is the
basis for the high performance enhancement of the modulator. A schematic cross-section of an
optical modulator using semiconductor nanostructures is shown in Figure 4-10.

For the specific case of silicon through-wafer optical interconnects, it is necessary to have an active
material that can modulate an optical beam with an energy less than the band-gap of silicon (1.11
eV). For most through-wafer interconnect architectures, VCSELs (vertical cavity surface emitting
lasers) with an emission wavelength of 1.3 microns (0.95 eV) is used [136]. Due to the blue-shift
resulting from quantum confinement, it is necessary to chose a material with a bulk band-gap
significantly less than this value. The most promising candidate appears to be InAs with a bulk
band-gap of 0.32 eV. For the case of a modulator, where carrier transport is not an issue, colloidal

Light beam

Nanostrucutures

Applied Voltage

Figure 4-10: Schematic cross-sectional view showing electrooptic modulator based on QCSE.
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particles are a viable option. Alivisatos has demonstrated the ability to synthesis InAs colloids with
sizes ranging down to 1 nm [137]. As a result, the band-gap of the colloidal quantum dots can be
continuously varied from 0.32 eV to 2 eV [138]. Assuming a VCSEL as the source for the throughwafer interconnect scheme, an InAs colloidal size of 3.5 nm will provide modulation of the VCSEL
beam.

This concept is currently being partially funded by the National Science Foundation and being
investigated as part of a research collaboration with Dr. George Ponchak of the NASA Glenn
Research Center. The goal of this collaboration is to fabricate a silicon through wafer optical
modulator that is driven by the electric field between two RF microstrip lines. When an RF signal
is applied to the microstrip lines, the electric field will modulate the incident infrared beam and be
detected using a photodetector mounted above the substrate.

4.3

Silicon Nano-Pillars

In the previous section, the use of an alumina template combined with reactive ion etching to create
nanoscale pores in a silicon substrate has been discussed. However, to create silicon light emitting
structures, it would be desirable to reverse this process and instead of creating pores to create silicon
pillars by RIE. The advantage of this approach compared with the template based formation of
porous silicon discussed in Section 4.1 is that direct transfer of an inverse of the alumina template
pattern should provide enhanced nanostructure size and shape control resulting in substantially
reduced inhomogeneous broadening of the emission spectrum. In addition, since this approach uses
a crystalline substrate as the active material, concerns over material quality and unintentional dopant
incorporation during electrochemical deposition are relaxed. A schematic of the proposed device
structure is shown in Figure 4-11.
62

Transparent
contact

Light

p-silicon
Bias

n-silicon

Figure 4-11: Cross-section schematic of silicon nano-pillar light emitting
device.

The primary challenge to be addressed in creating this device structure is to develop a process flow
to provide image reversal of the template pattern. The initial process flow to accomplish this is
provided below:

Template Fabrication
The first step in pillar formation is the creation of a highly ordered alumina template. This
is created by depositing 1 micron of 99.999% pure Aluminum by electron beam deposition.
The first 500 nm of the aluminum would be anodized at a constant potential of 10 Volts
giving a pore diameter of 12 nm [132].

This material would then be etched in a

phosphoric/chromic acid solution to remove the template and the process is repeated with
an anodization of 400 nm of aluminum. Finally, the last 100 nm of aluminum would be
anodized and pore widened to remove the barrier layer (5% H3PO4 - 1 hour).

Nickel Electrodeposition
After pore widneing, a nickel plug is electrodeposited into the pores using a standard
electrochemical deposition technique as discussed by Garman [111]. The alumina template
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is then removed by etching in 0.01 M NaOH for 1 hour leaving an ordered array of nickel
dots on the silicon surface.

Silicon Etching
After nickel deposition and template removal, the image reversed pattern is transferred to
the silicon susbtrate by reactive ion etching (RIE). There are three primary concerns that
need to be addressed in the design of this etch process. First, the etch chemistry must be
designed so as to provide an appreciable etch rate and etch selectivity for silicon. Second,
sufficient anisotropy must be obtained to prevent substantial silicon pillar size variation
down the length of the wire. Finally, the etch process should produce smooth (pillar) side
walls. Fortunatley, due to the recent emphasis on silicon deep-trench etching for deepsubmicron device isolation, these concerns have been investigated. The use of an ICP-RIE
head is used to provide independent control of ion-density and ion-energy resulting in a high
etch rate as well as good etch selectivity. The proprietary Bosch-etch process has been
demonstrated to proivide good anisotropic etching of silicon by alternating etching and
passivation of the silicon sidewalls [139]. Finally, the use of a liqued nitrogen cooled
substrate holder mimimizes chemical etching of the silicon resulting in both increased etch
anisotropy as well as reducing sidewall roughness.

Oxidation
After pillar formation, the nickel dots are removed by a wet chemical etch. After cleaning,
the substrate is oxidized to both reduce damage to the crystalline silicon as a result of the
etch process as well as to reduce the silicon pillar size. This process is enabled by the recent
observation that oxidation of silicon nanostructurs is a self-limiting process [130].
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Therefore, endpoint control requirements during this thermal oxidation step are substantially
relaxed.

Contacts
For initial development, characterization of theses structures will be performed by
photoluminescence which does not require top contacts to the silicon nanostructrues.
However, for the development of an electroluminescent device, the fabrication of ohmic
contacts as well as charge transport through the silicon pillars is a critical concern. At this
time, the contact material to be used is Indium Tin Oxide (ITO), which is a transparent
condutor deposited by reactive sputtering. One concern is that deposition of this material
will fill the voids between the silicon pillars. However, based on work with transparent top
contacts to porous silicon, this does not appear to be a fundamental limitation.

In summary, a process for the non-lithographic fabrication of orderd silicon pillars has been
indentified. This process complements the already developed process for the fabrication of silicon
ordered silicon pores.
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Chapter 5
Photovoltaic Applications

An emerging application for nanoscale photonic devices is the development of photovoltaic devices
for the direct conversion of solar energy into electricity. The use of a nanoscale alumina template
has been investigated for both direct fabrication of photovoltaic devices based on compound
semiconductor nanostructures as well as for use as an etch mask for surface texturing of silicon
photovoltaic cells. These two specific applications are discussed in the remainder of this chapter.

5.1

Multijunction Nanostructure Photovoltaic Cell

For photovoltaic (PV) technology to be a serious contender as an alternative energy source, the
electricity generated must be reasonably cost-effective when compared with current fossil fuel
sources [140]. This will require both an increase in the efficiency of PV cells as well as a reduction
in manufacturing costs. While photovoltaic cells based on bulk semiconductors can provide very
high efficiency (e.g. a conversion efficiency of >25% for single junction GaAs cells), the high
manufacturing costs of these devices limits their use to primarily space based applications. In an
effort to reduce manufacturing costs, photovoltaic cells based on thin film technology have been
developed. The most promising thin film technologies for commercial applications are based on (i)
amorphous silicon, (ii) cadmium telluride (CdTe), (iii) copper indium diselenide (CIS)/copper
indium gallium diselinide (CIGS), (iv) crystalline silicon films, and (v) dye-sensitized TiO2 cells
[140-143]. Amorphous silicon cells are the subject of intense research and development, and this
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appears to be a manufacturable technology, however their efficiency remains quite low, usually <
10%, although as high as 11.4% has been observed [144]. Cadmium based cells (CdTe, CdS) have
a higher reported efficiency (15.8%), however these materials have poor stability, and are difficult
to economically manufacture in large areas while maintaining the required material quality [145].
Copper indium gallium diselenide (CIGS) has shown the highest efficiency (18.8%) for a thin film
photovoltaic cell, but manufacturing this complex material at low cost is a difficult task. Crystalline
silicon cells have demonstrated efficiencies as high as 24.4% [146], but growing large area thin films
economically on a suitable substrate is a major technical challenge [145]. Dye sensitized TiO2 cells
are unique in that carrier generation and collection are spatially separated. These cells can be
inexpensively manufactured, but currently have an efficiency of around 11% [147]. In addition,
questions remain about the long term stability of the dye sensitized TiO2 cells , in part due to the
difficulty in sealing the material from the elements. To attempt to alleviate these limitations, the
feasibility of using electrochemically self-assembled semiconductor nanostructure arrays as the
building block for manufacturable, high efficiency solar cells is being investigated with the support
of the National Renewable Energy Laboratory (NREL). Since this approach uses a non-vacuum
fabrication technique and is based on an established industrial process, the requirement for
manufacturability and low production cost can be met. In addition, due to quantum confinement
effects a relatively high photovoltaic efficiency is expected to be obtained.

Nanostructure based PV cells have been previously proposed due to their potential to provide a very
high energy conversion efficiency [114]. This large energy conversion efficiency results from the
following effects: (a) nanostructure crystallite sizes are comparable to the carrier scattering lengths,
this significantly reduces the carrier scattering rate, thus increasing the carrier collection efficiency;
and (b) the strong absorption coefficient of nanostructures due to the increased density of states.
In addition, by varying the size of the nanostructures, the band gap can be tuned to absorb in a
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particular photon energy range [114]. However, to achieve these advantages for non-cryogenic
temperatures, it is necessary to fabricate periodic arrays of individual nanostructures with a uniform
size below 20 nm. This maximum size is determined by the requirement that the energy separation
of discrete levels due to quantum confinement be greater than the associated thermal broadening.
As was demonstrated in Chapters 2 and 3, the alumina template technology can be used to form IIVI semiconductor quantum wires with dimensions less than 20 nm. In addition, due to the ability
to create multiple layers of nanostructures, it is possible to implement multijunction photovoltaic
cells. In the multijunction concept [148] photovoltaic cells with multiple layers of semiconductor
material are fabricated. Each layer of semiconductor material is chosen to optimize absorption in
a discrete section of the solar spectrum, thus maximizing total photovoltaic cell efficiency. This
approach is particularly well suited for nanostructure-based photovoltaic cells since each layer of
semiconductor quantum wires will have maximum absorption in a relatively narrow spectral range.
By varying either the diameter of the wires, and/or the chemical composition, the maximum
absorption peak can be varied across a wide section of the solar spectrum.

A cross sectional diagram of the proposed multi-junction photovoltaic cell architecture is shown in
Figure 5-1. The substrate material (plastic, glass) is application specific and is chosen to meet
economic, encapsulation, or mechanical requirements.

The back contact is either metallic

(Platinum) or a transparent conducting oxide (Indium Tin Oxide). The thickness of the alumina
template is optimized to balance absorption, transparency (for the multijunction cell), and carrier
transport. The top contact layer is a transparent conducting oxide such as ITO. In the case of a
multijunction cell, a transparent insulating material (silicon nitride) is used to provide electrical
isolation between the active layers and to serve as an additional barrier layer for ionic contamination.
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SiN passivation layer
ITO

ITO
Alumina
Bottom contact
Substrate

Active material

Figure 5-1 Schematic cross-section of a multi-junction
photovoltaic cell

5.1.1

Analysis

At this stage, the primary focus of the photovoltaic research effort is to fabricate and characterize
individual nanostructure layers. As one part of this effort, the degree to which quantum confinement
and alloying can cover the solar spectrum was determined. In addition, the effect of quantum wire
diameter variation on absorption was evaluated.

To guide the nanostructure array development effort, an engineering model was developed to
determine the primary absorption features of Cd1-xZnxS:Cu quantum wires as a function of alloy
composition and diameter [149]. It is generally accepted that in this material system the metal
impurity center (Cu) behaves as an acceptor for deep level energy transitions between this state and
the conduction band [150, 151]. The ionization energy of the excited Cu acceptor sub-levels used
in these calculations is based on those measured by Heitz [151] for low dopant levels (< 1018). All
other experimental values were obtained from Landolt-Bornstein [152].

The calculations presented below are based on the one electron model for the acceptor energy levels.
This model assumes the following relationship for the band-gap due to quantum confinement in a
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parabolic potential. The ionization potentials for the acceptor and donor levels are assumed constant
relative to the top of the valance band (VB) and bottom of the conduction band (CB) respectively.
Under quantum confinement, the CB and VB correspond to the n=0 states for the discrete
conduction and valence energy levels. All ionization levels are measured relative to these discrete
levels in the forbidden region. All properties based upon compositional variation in ZnCdS:Cu are
presently assumed as a linear interpolation as a function of x. The results of this analysis are shown
in Figure 5-2 with the absorption wavelength as a function of alloy composition and quantum wire
diameter.

Figure 5-2 Peak absorption wavelength of ZnCdS
quantum wires as functions of wire diameter and alloy
composition.

A more sophisticated analysis was employed in collaboration with Daniel Gray to determine the
effect of a distribution in quantum wire diameter on the absorption properties of the nanostructure
arrays [149]. This analysis is based on a shooting-technique solution of the Schrodinger equation
as presented by Harrison [153]. The variation in quantum wire diameter was taken to follow a
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Gaussian distribution around a mean diameter of 8 nm. The energy of the lowest energy transition
was then calculated for each diameter of wire and weighted by the number of wires with that size
in the distribution. The results of this analysis are shown in Figure 5-3. The resulting absorption
energies match the theoretical and experimental results reported by Kayanuma [154]. There are two
primary features to note from these results. First, although the distribution of quantum wire
diameters is assumed to be Gaussian, the resulting distribution deviates from this due to the nonlinear relationship between nanostructure size and absorption energy. Second, a fairly narrow peak
is seen for a distribution of 5% in nanostructure diameter. This spread is not seen to rapidly increase
until a variation of 20% is seen. This is significant since our variation in pore size is expected to be
less than 5%, especially for multi-layer anodization.

Figure 5-3 Effect of size distribution on the
absorption spectra of CdS quantum wires. Mean
wire diameter : 8 nm.

Finally, a complete absorption spectrum was calculated for a CdS quantum wire diameter of 8 nm
in collaboration with Daniel Gray. The results are displayed superimposed on the solar spectrum
both at the earth's surface and at the top of the atmosphere (Figure 5-4). This shows that the
absorption peaks for a single layer nanostructure coincide relatively well with the peak intensity of
the solar spectrum.
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Figure 5-4 Absorption spectra of 8 nm diameter CdS quantum
wires superimposed on solar spectra

5.2

Silicon Surface Texturing

Surface texturing is commonly used in crystalline silicon photovoltaic cells to improve light
absorption and therefore enhance total cell efficiency. In this approach, multiple reflections off of
the textured silicon surfaces increase the probability of photon absorption in the active silicon
material. When combined with suitable anti-reflection coating, this approach has been demonstrated
to significantly enhance the efficiency of crystalline silicon photovoltaic cells [155, 156].
Techniques for surface texturing for both mono- and poly-crystalline silicon have been an active
area of research. For the case of mono-crystalline silicon, the use of an anisotropic etch that is
selective to crystal orientation is commonly used. This approach has evolved from the use of etched
square-based pyramid structures in the early COMSAT cells [157], to the inverted pyramid structure
used in the high efficiency PERL cells [158]. In addition, lithographic processes have been
developed for surface texturing in high efficiency mono-crystalline PV cells [155]. For the case of
poly-crystalline silicon devices, anisotropic etch techniques are not appropriate due to the lack of
well defined crystal planes. The use of random texturing has been developed for multi-crystalline
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silicon, however a large percentage (28 %) of the incident light is reflected from these randomly
textured surfaces [159].

Several different approaches have been previously investigated to provide surface texturing for polycrystalline silicon. These include mechanical grooving [160], defect etching with acidic solutions
[161], reactive ion etching (RIE) [162], and lithographic surface patterning [146, 163]. This
combination of isotropic etching through apertures defined with photolithography has been used to
demonstrate a “honeycombed” textured surface that led to a 19.8% efficient poly-crystalline silicon
PV cell [163]. In addition, the same honeycombed structure was used to demonstrate a 24.4%
efficient mono-crystalline silicon PV cell [146]. However, these techniques present several
problems for commercial device applications. While considerable work has been done on
mechanical grooving, low-cost metallization on the deeply grooved surfaces is difficult. Defect
etching requires the use of a large amount of proprietary acidic solutions. RIE is a relatively slow
vacuum process that can also induce unwanted damage to the silicon surface. Finally, the use of
lithographic processes for texturing is not cost-effective due to equipment expense and low
throughput. As a result, it is important to develop a low cost, manufacturable surface texturing
technique that can provide control over pore shape and dimension, and is applicable for both monoand poly- crystalline silicon. To meet this challenge, a method of non-lithographically creating a
subwavelength structured surface was developed as shown in Figure 5-5.

5.2.1

Subwavelength Structured Surfaces

Subwavelength structured (SWS) surfaces are composed of regular arrays of small structures with
a wavelength smaller than that of the incident electromagnetic radiation [164]. Although originally
developed for microwave engineering, this phenomena was applied to optical wavelengths by
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Figure 5-5 Subwavelength surface texturing of silicon solar cells : (a) cross-sectional and
(b) perspective views.

Bernhard who correlated features on the corneas of moths with the reduced reflection from their
eyes needed for night camouflage [165]. Experimental results indicate that SWS surfaces can
substantially reduce reflection from semiconductor materials by up to two orders of magnitude in
both the visible and infrared regions [164, 166]. Theoretical calculations using the rigorous coupledwave analysis (RCWA) show that for silicon, optimum anti-reflection properties are obtained for
a 2-dimensional SWS surface with feature periodicity of 100 nm [166, 167]. For this structure,
these calculations show that reflection at 600 nm decreases from 35% to approximately 0.5%. These
results were verified experimentally using structures defined using holographic recorded cross
gratings and formed by Reactive Ion Etching [164]. Very recently, similar structures were formed
using an alumina template mask formed on a bulk aluminum substrate, removed by an HgCl2 etch,
and affixed to a silicon substrate by drying [167]. SWS features were then formed in the silicon
substrate by etching with an SF6 fast atom beam. The experimental reflectivity data matches that
of Lalanne [164] and is consistent with the RCWA calculations.

5.2.2

Fabrication

The texturing will be accomplished by electrochemically etching the silicon substrate through the
pores in the anodized alumina template. Electrochemical etching or electropolishing of silicon is a
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well investigated and established process [168] and is performed in a solution of HF and H2O2 with
current densities of 100 mA/cm2 and above. It should be pointed out that porous silicon is fabricated
by a similar technique and in a similar electrolyte, however at lower current densities. While porous
silicon forms nanometer scale silicon structures, electropolishing completely etches the silicon
material in a defined area. It is also emphasized here that the electropolishing technique is equally
appropriate for both mono- and multi- crystalline silicon; the anodization technique has been
successfully used to fabricate porous silicon on poly-crystalline silicon as well [169].

The process flow for surface texturing of mono- and poly- crystalline silicon is summarized in
Figure 5-6. The silicon substrate is coated with a thin layer of aluminum by sputter deposition. The
aluminum layer is then anodized in H2SO4 using the appropriate current density. The process will
be monitored by observing voltage-time characteristics to make sure the pores contact the silicon
substrate. A pore widening process in H3PO4 will be carried out, if necessary, to reduce the interpore spacing. The silicon substrate will then be electropolished through the alumina template in a
solution of HF and H2O2 at the appropriate current density. The alumina template will then be
removed by dissolving it in a solution of NaOH.

5.3

Summary

The application of non-lithographic fabrication technology to the formation of nanostructure-based
photovoltaic devices is particularly appropriate due to the requirements for commercial device
applications. In particular, non-cryogenic operation requires the fabrication of structures with
characteristic dimensions less than 20 nm. However, photovoltaic device operation requires the
fabrication of devices with active areas on the order of several meter2. The contrast between these
two length scales makes fabrication of nanostructure-based photovoltaic devices nearly impossible
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using conventional lithographic techniques. As a result, electrochemical based synthesis techniques
as described in this chapter are particularly appropriate due to the ability to fabricate devices across
length scales in an economical matter. For this reason, it appears that photovoltaic devices are
perhaps the most important market for this technology.

Silicon
Aluminum deposition
Aluminum
Silicon
Anodization. Aluminum oxide
template with desired pore
diameter is formed.

Aluminum
Oxide
Silicon

Electrochemical etching of
silicon to desired depth
Silicon
Removal of aluminum
oxide template
Silicon

Figure 5-6 Process-flow for surface texturing of mono- and
poly- crystalline silicon
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Chapter 6

Conclusions and Future Work

The primary goal of this research has been to develop a fabrication process for the synthesis of
semiconductor nanostructure devices on an arbitrary substrate material. This is enabled through the
creation of a template containing an ordered array of nanoscale pores. In particular, the development
of the Al/Pt/Si structure with in situ barrier layer removal allows the direct DC electrochemical
synthesis of semiconductor nanostructures with increased crystalline order.

This work has demonstrated that the use of an alumina template based synthesis technique is a
viable fabrication option for the development of nanostructure-based photonic devices. In particular,
this technique is particularly well suited for the development of photovoltaic devices and silicon
based photonic devices. For photovoltaic devices this is due to the scalability of the fabrication
technique and the ability to fabricate structures on different length scales. In the case of silicon
devices, this approach enables direct integration of nanostructures with silicon CMOS technology.

In addition to direct material synthesis inside the template pores, it has been demonstrated that the
alumina template can be used as a mask for the etching of nanoscale structures on a silicon substrate.
This was demonstrated for both plasma based etch techniques (RIE), and electrochemical
anodization (porous silicon formation). The ability to fabricate porous silicon through an alumina
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template enables a potential mechanism to address the issue of material reliabiltiy by the formation
of a hydrated alumina protective coating.

The future work in this area can be divided into three categories: materials synthesis and
characterization, pattern transfer development, and device development. Materials synthesis work
will concentrate on the development of an underpotential-DC electrochemical technique for the
synthesis of semiconductor nanostructures with atomic layer precision. Preliminary analysis
indicates this technique can be used for the fabrication of semiconductor heterojunctions (i.e.
CdS/CdTe). The material synthesized will be characterized by photoluminescence, Raman, FESEM,
and HRTEM imaging. The pattern transfer technique will be investigated through the use
development of an appropriate RIE etch process to provide both anisotropy and sidewall passivation.
In addition, the use of electrochemical etch techniques will be investigated for subwavelength
surface texturing of crystalline silicon nanostructures. Finally, device design will concentrate on
the development of reliable contacts to the semiconductor nanostructures, as well as the
development of models for optical processes and carrier transport within the semiconductor
nanostructures.

78

References
[1]

L. Brus, "Zero-dimensional 'excitons' in semiconductor clusters," IEEE Journal of Quantum
Electronics, vol. QE-22, pp. 1909-14, 1986.

[2]

G. M. Gallatin, R. C. Farrow, J. A. Liddle, W. K. Waskiwicz, M. M. Mkrtchyan, P.
Orphanos, J. Felker, J. Kraus, C. J. Biddick, S. Stanton, A. E. Novembre, and M. Blakey,
"SCALPEL aerial image monitoring: Principles and application to space charge," Journalof-Vacuum-Science-&-Technology-B-(Microelectronics-and-Nanometer-Structures), vol.
18, pp. 2560-4, 2000.

[3]

N. W. Parker, A. D. Brodie, and J. H. McCoy, "A high throughput electron-beam directwrite lithography system," Microlithography-World, vol. 9, pp. 22, 24-5, 30, 2000.

[4]

C. Vieu, F. Carcenac, A. Pepin, Y. Chen, M. Mejias, A. Lebib, L. Manin Ferlazzo, L.
Couraud, and H. Launois, "Electron beam lithography, resolution limits and applications,"
Applied-Surface-Science, vol. 164, pp. 111-17, 2000.

[5]

J. Fujita, T. Kisimoto, M. Morinaga, S. Matsui, and F. Shimizu, "Atomic beam holography
for nanofabrication," Journal-of-Vacuum-Science-&-Technology-B-(Microelectronics-andNanometer-Structures), vol. 16, pp. 3855-8, 1998.

[6]

A. Notargiacomo, V. Foglietti, E. Cianci, G. Capellini, M. Adami, P. Faraci, F. Evangelisti,
and C. Nicolini, "Atomic force microscopy lithography as a nanodevice development
technique," Nanotechnology, vol. 10, pp. 458-63, 1999.

[7]

J. Sone, J. Fujita, Y. Ochiai, S. Manako, S. Matsui, E. Nomura, T. Baba, H. Kawaura, T.
Sakamoto, C. D. Chen, Y. Nakamura, and J. S. Tsai, "Nanofabrication toward sub-10 nm and
its application to novel nanodevices," Nanotechnology, vol. 10, pp. 135-41, 1999.

[8]

D. K. Ferry, "The onset of quantization in ultra-submicron semiconductor devices,"
Superlattices-and-Microstructures, vol. 27, pp. 61-6, 2000.

[9]

P. Bhattacharya, D. Klotzkin, O. Qasaimeh, W. Zhou, S. Krishna, and D. Zhu, "High-speed
modulation and switching characteristics of In(Ga)As-Al(Ga)As self-organized quantum-dot
lasers," IEEE Journal of Selected Topics in Quantum Electronics, vol. 6, pp. 426-38, 2000.

[10]

R. Bozek, "Growth of self-organized quantum dots by MOCVD," Molecular Physics
Reports, vol. 21, pp. 45-52, 1998.

[11]

S. Krishna, P. Bhattacharya, P. J. McCann, and K. Namjou, "Room-temperature longwavelength unipolar quantum dot intersubband laser," Electronics Letters, vol. 36, pp. 15501, 2000.
79

[12]

X. Qianghua, J. L. Brown, R. L. Jones, J. E. Van Nostrand, and K. D. Leedy, "Growth of
vertically self-organized InGaAs quantum dots with narrow inhomogeneous broadening,"
Applied Physics Letters, vol. 76, pp. 3082-4, 2000.

[13]

Y. Terai, S. Kuroda, and K. Takita, "Growth of self-organized dots of Cd/sub 1-x/Mn/sub
x/Te on ZnTe by atomic layer epitaxy," Journal of Crystal Growth, vol. 214, pp. 178-82,
2000.

[14]

R. Notzel, J. Fricke, N. Zhichuan, U. Jahn, K. J. Friedland, M. Ramsteiner, H. P. Schonherr,
A. Trampert, and K. H. Ploog, "Uniform quantum wire and quantum dot arrays by natural
self-faceting on patterned substrates," Epitaxial Growth-Principles and Applications.
Symposium, 1999.

[15]

A. P. Alivisatos, "Optical and electrical characteristics of semiconductor nanocrystals,"
International Quantum Electronics Conference. Conference Edition, 1998.

[16]

A. J. Nozik and O. I. Micic, "Colloidal quantum dots of III-V semiconductors," MRSBulletin, vol. 23, pp. 24-30, 1998.

[17]

K. S. Hamad, R. Roth, J. Rockenberger, T. Van Buuren, and A. P. Alivisatos, "Structural
disorder in colloidal InAs and CdSe nanocrystals observed by X-ray absorption near-edge
spectroscopy," Physical-Review-Letters, vol. 83, pp. 3474-7, 1999.

[18]

S. V. Kershaw, M. Harrison, A. L. Rogach, and A. Kornowski, "Development of IR-emitting
colloidal II-VI quantum-dot materials," IEEE-Journal-of-Selected-Topics-in-QuantumElectronics, vol. 6, pp. 534-43, 2000.

[19]

A. Vlasov Yu, N. Yao, and D. J. Norris, "Semiconductor quantum-dot photonic crystals,"
Conference on Lasers and Electro-Optics CLEO '99, 1999.

[20]

O. I. Micic, S. P. Ahrenkiel, D. Bertram, and A. J. Nozik, "Synthesis, structure, and optical
properties of colloidal GaN quantum dots," Applied-Physics-Letters, vol. 75, pp. 478-80,
1999.

[21]

G. Tamulaitis, V. Gulbinas, G. Kodis, A. Dementjev, L. Valkunas, I. Motchalov, and H.
Raaben, "Optical nonlinearities of glass doped with PbS nanocrystals," Journal of Applied
Physics, vol. 88, pp. 178-82, 2000.

[22]

C. H. B. Cruz, C. L. Cesar, L. C. Barbosa, A. M. de Paula, and S. Tsuda, "Ultrafast processes
in semiconductor doped glasses," Applied Surface Science, vol. 109, pp. 30-5, 1997.

[23]

T. Kezuka, M. Konishi, T. Isobe, and M. Senna, "Preparation and properties of
nanocrystalline ZnS:Mn-polymer composite films," Journal of Luminescence, vol. 87, pp.
418-20, 2000.
80

[24]

X. L. Chen and S. A. Jenekhe, "Semiconducting polymer quantum wires," Applied Physics
Letters, vol. 70, pp. 487-9, 1997.

[25]

J. Lee, V. C. Sundar, J. R. Heine, M. G. Bawendi, and K. F. Jensen, "Full color emission
from II-VI semiconductor quantum dot-polymer composites," Advanced Materials, vol. 12,
pp. 1102-5, 2000.

[26]

D. S. Ginger and N. C. Greenham, "Photoinduced electron transfer from conjugated
polymers to CdSe nanocrystals," Physical Review B (Condensed Matter), vol. 59, pp. 106229, 1999.

[27]

J. D. Klein, R. D. Herrick, II, D. Palmer, M. J. Sailor, C. J. Brumlik, and C. R. Martin,
"Electrochemical fabrication of cadmium chalcogenide microdiode arrays," Chemistry of
Materials, vol. 5, pp. 902-4, 1993.

[28]

D. Routkevitch, T. Bigioni, M. Moskovits, and X. Jing Ming, "Electrochemical fabrication
of CdS nanowire arrays in porous anodic aluminum oxide templates," Journal of Physical
Chemistry, vol. 100, pp. 14037-47, 1996.

[29]

T. Sato, S. Kasai, H. Okada, and H. Hasegawa, "Electrical properties of nanometer-sized
Schottky contacts on n-GaAs and n-InP formed by in situ electrochemical process,"
Japanese-Journal-of-Applied-Physics,-Part-1-(Regular-Papers,-Short-Notes-&-ReviewPapers), vol. 39, pp. 4609-15, 2000.

[30]

S. P. McGinnis and B. Das, "A novel technique for fabricating semiconductor nanodevice
arrays on silicon," IEEE/Cornell Conference on Advanced Concepts in High Speed
Semiconductor Devices and Circuits, Ithaca, NY, USA, Ithaca, NY, USA, 1995.

[31]

D. Crouse, L. Yu Hwa, A. E. Miller, and M. Crouse, "Self-ordered pore structure of
anodized aluminum on silicon and pattern transfer," Applied Physics Letters, vol. 76, pp. 4951, 2000.

[32]

H. Parala, H. Winkler, M. Kolbe, A. Wohlfart, R. A. Fischer, R. Schmechel, and H. von
Seggern, "Confinement of CdSe nanoparticles inside MCM-41," Advanced Materials, vol.
12, pp. 1050-5, 2000.

[33]

"National Nanotechnology Initiative: The Initiative and its Implementation," National
Science and Technology Council, Washington, DC 2000.

[34]

L. T. Canham, "Silicon quantum wire array fabrication by electrochemical and chemical
dissolution of wafers," Applied Physics Letters, vol. 57, pp. 1046-50, 1990.

[35]

L. Tsybeskov, "Nanocrystalline silicon for optoelectronic applications," MRS Bulletin, vol.
23, pp. 33-8, 1998.
81

[36]

W. L. Wilson, P. F. Szajowski, and L. E. Brus, "Quantum confinement in size-selected,
surface-oxidized silicon nanocrystals," Science, vol. 262, pp. 1242-44, 1993.

[37]

T. I. Cox, A. J. Simons, A. Loni, P. D. J. Calcott, L. T. Canham, M. J. Uren, and K. J. Nash,
"Modulation speed of an efficient porous silicon light emitting device," Journal of Applied
Physics, vol. 86, pp. 2764-73, 1999.

[38]

D. Kovalev, H. Heckler, M. Ben Chorin, G. Polisski, M. Schwartzkopff, and F. Koch,
"Breakdown of the k-conservation rule in Si nanocrystals," Physical Review Letters, vol. 81,
pp. 2803-6, 1998.

[39]

S. P. McGinnis, B. Das, and M. Dobrowolska, "The effect of electric field on the
photoluminescence and absorption spectra of porous silicon," Thin Solid Films, vol. 365, pp.
1-4, 2000.

[40]

R. T. Collins, P. M. Fauchet, and M. A. Tischler, "Porous Silicon: From Luminescence to
LEDs," Physics Today, vol. 50, pp. 24-31, 1997.

[41]

M. Araki, H. Koyama, and N. Koshida, "Fabrication and fundamental properties of an edgeemitting device with step-index porous silicon waveguide," Applied Physics Letters, vol. 68,
pp. 2999-3000, 1996.

[42]

N. Vorozov, L. Dolgyi, V. Yakovtseva, V. Bondarenko, M. Balucani, G. Lamedica, A.
Ferrari, G. Vitrant, J. E. Broquin, T. M. Benson, H. F. Arrand, and P. Sewell, "Self-aligned
oxidised porous silicon optical waveguides with reduced loss," Electronics Letters, vol. 36,
pp. 722-3, 2000.

[43]

A. S. Bell, B. Brezger, U. Drodofsky, S. Nowak, T. Pfau, J. Stuhler, T. Schulze, and J.
Mlynek, "Nano-lithography with atoms," Surface-Science, vol. 433-435, pp. 40-7, 1999.

[44]

S. Luscher, A. Fuhrer, R. Held, T. Heinzel, K. Ensslin, W. Wegscheider, and M. Bichler,
"In-plane gate single electron transistor fabricated by AFM lithography," Journal-of-LowTemperature-Physics, 2000.

[45]

B. Das, S. Subramaniam, and M. R. Melloch, "Effects of electron-beam-induced damage on
leakage currents in back-gated GaAs/AlGaAs devices," Semiconductor Science and
Technology, vol. 8, pp. 1347-51, 1993.

[46]

T. Schulze, B. Brezger, P. O. Schmidt, R. Mertens, A. S. Bell, T. Pfau, and J. Mlynek, "Sub100 nm structures by neutral atom lithography," Microelectronic-Engineering, 1999.

[47]

J. H. Thywissen, K. S. Johnson, R. Younkin, N. H. Dekker, K. K. Berggren, A. P. Chu, M.
Prentiss, and S. A. Lee, "Nanofabrication using neutral atomic beams," Journal-of-VacuumScience-&-Technology-B-(Microelectronics-and-Nanometer-Structures), 1997.
82

[48]

M. Ishibashi, S. Heike, N. Sugita, H. Kajiyama, and T. Hashizume, "Nano-scale fabrication
by AFM lithography using a constant-current-control exposure system," Journal-ofPhotopolymer-Science-and-Technology, 1999.

[49]

H. Sugimura and N. Nakagiri, "AFM lithography in constant current mode,"
Nanotechnology, 1997.

[50]

P. Bhattacharya, "Quantum dot semiconductor lasers," International-Journal-of-High-SpeedElectronics-and-Systems, vol. 9, pp. 1081-107, 1998.

[51]

P. Bhattacharya, K. K. Kamath, J. Singh, D. Klotzkin, J. Phillips, H. T. Jiang, N. Chervela,
T. B. Norris, T. Sosnowski, J. Laskar, and M. R. Murty, "In(Ga)As/GaAs self-organized
quantum dot lasers: DC and small-signal modulation properties," IEEE-Transactions-onElectron-Devices, vol. 46, pp. 871-83, 1999.

[52]

D. Bhattacharyya, E. A. Avrutin, A. C. Bryce, J. H. Marsh, D. Bimberg, F. Heinrichsdorff,
V. M. Ustinov, S. V. Zaitsev, N. N. Ledentsov, P. S. Kop'ev, I. Alferov Zh, A. I.
Onischenko, and E. P. O'Reilly, "Spectral and dynamic properties of InAs-GaAs selforganized quantum-dot lasers," IEEE-Journal-of-Selected-Topics-in-Quantum-Electronics,
vol. 5, pp. 648-57, 1999.

[53]

K. Maehashi, N. Yasui, Y. Murase, A. Shikimi, and H. Nakashima, "Formation of selforganized CdSe quantum dots on ZnSe(100) surfaces by molecular beam epitaxy," AppliedSurface-Science, 2000.

[54]

P. C. Sharma, Y. S. Tang, K. W. Alt, and K. L. Wang, "Self-assembled InAs/Si quantum dot
stacks grown by molecular beam epitaxy," Proceedings-of-the-SPIE --The-InternationalSociety-for-Optical-Engineering, 2000.

[55]

Q. D. Zhuang, S. F. Yoon, H. Q. Zheng, and K. H. Yuan, "Growth of self-organized InAs
quantum dots on InP by solid-source molecular beam epitaxy," Journal-of-Crystal-Growth,
2000.

[56]

S. Fafard, K. Hinzer, S. Raymond, M. Dion, J. McCaffrey, Y. Feng, and S. Charbonneau,
"Red-emitting semiconductor quantum dot lasers," Science, vol. 274, pp. 1350-3, 1996.

[57]

P. M. Petroff and S. P. DenBaars, "MBE and MOCVD growth and properties of selfassembling quantum dot arrays in III-V semiconductor structures," Superlattices and
Microstructures, vol. 15, pp. 15-21, 1994.

[58]

K. Hinzer, C. N. Allen, J. Lapointe, D. Picard, Z. R. Wasilewski, A. J. SpringThorpe, and
S. Fafard, "Widely tunable self-assembled quantum dot lasers," Journal-of-Vacuum-Science&-Technology-A-(Vacuum,-Surfaces,-and-Films), 2000.

83

[59]

E. Kurtz, J. Shen, M. Schmidt, M. Grun, S. K. Hong, D. Litvinov, D. Gerthsen, T. Oka, T.
Yao, and C. Klingshirn, "Formation and properties of self-organized II-VI quantum islands,"
Thin-Solid-Films, 2000.

[60]

F. Nakajima, J. Motohisa, and T. Fukui, "Self-formed quantum nanostructures by selective
area MOVPE and their application to GaAs single electron devices," Applied-SurfaceScience, 2000.

[61]

F. J. Himpsel, T. Jung, A. Kirakosian, J. L. Lin, D. Y. Petovykh, H. Rauscher, and J.
Viernow, "Nanowires by Step Decoration," MRS Bulletin, vol. 24, pp. 20-24, 1999.

[62]

S. P. McGinnis, "The Effect of Vicinal Silicon Surfaces on the Performance of Submicron
Metal Oxide Semiconductor Devices", West Virginia University, 1996.

[63]

L. Brus, "Electronic wave functions in semiconductor clusters: experiment and theory,"
Journal of Physical Chemistry, vol. 90, pp. 2555-60, 1986.

[64]

P. Guyot Sionnest, S. Moonsub, C. Matranga, and M. Hines, "Intraband relaxation in CdSe
quantum dots," Physical Review B (Condensed Matter), vol. 60, pp. R2181-4, 1999.

[65]

A. L. Efros, V. A. Kharchenko, and M. Rosen, "Breaking the phonon bottleneck in
nanometer quantum dots: role of Auger-like processes," Solid State Communications, vol.
93, pp. 281-4, 1995.
N. F. Borrelli, D. W. Hall, H. J. Holland, and D. W. Smith, "Quantum confinement effects
of semiconducting microcrystallites in glass," Journal of Applied Physics, vol. 61, pp. 5399409, 1987.

[66]

[67]

A. Lipovskii, E. Kolobkova, V. Petrikov, I. Kang, A. Olkhovets, T. Krauss, M. Thomas, J.
Silcox, F. Wise, Q. Shen, and S. Kycia, "Synthesis and characterization of PbSe quantum
dots in phosphate glass," Applied Physics Letters, vol. 71, pp. 3406-8, 1997.

[68]

A. Dybko, W. Wroblewski, J. Maciejewski, Z. Brzozka, and R. S. Romaniuk, "Novel matrix
for fibre optic chemical sensors made of particle track polymer," Proceedings of the SPIE
The International Society for Optical Engineering, vol. 2508, pp. 351-7, 1995.

[69]

R. Ferre, K. Ounadjela, J. M. George, L. Piraux, and S. Dubois, "Magnetization processes
in nickel and cobalt electrodeposited nanowires," Physical Review B (Condensed Matter),
vol. 56, pp. 14066-75, 1997.

[70]

S. Dubois, A. Michel, J. P. Eymery, J. L. Duvail, and L. Piraux, "Fabrication and properties
of arrays of superconducting nanowires," Journal of Materials Research, vol. 14, pp. 665-71,
1999.

84

[71]

E. Chomski, O. Dag, A. Kuperman, N. Coombs, and G. A. Ozin, "New forms of luminescent
silicon: silicon-silica composite mesostructures," Chemical Vapor Deposition, vol. 2, pp. 813, 1996.

[72]

R. Leon, D. Margolese, G. Stucky, and P. M. Petroff, "Nanocrystalline Ge filaments in the
pores of a mesosilicate," Physical Review B (Condensed Matter), vol. 52, pp. R2285-8, 1995.

[73]

S. G. Romanov, N. P. Johnson, C. M. Sotomayor Torres, H. M. Yates, J. Agger, M. E.
Pemble, M. W. Anderson, A. R. Peaker, and V. Butko, "Self-assembled 3-dimensional arrays
of InP quantum wires: impact of the template geometry upon the optical properties," 1996.

[74]

T. Hirai, H. Okubo, and I. Komasawa, "Size-selective incorporation of CdS nanoparticles
into mesoporous silica," Journal of Physical Chemistry B, vol. 103, pp. 4228-30, 1999.

[75]

H. Winkler, A. Birkner, V. Hagen, I. Wolf, R. Schmechel, H. von Seggern, and R. A.
Fischer, "Quantum-confined gallium nitride in MCM-41," Advanced Materials, vol. 11, pp.
1444-8, 1999.

[76]

H. Winkler, R. A. Fischer, R. Schmechel, and H. von Seggern, "Quantum confined gallium
nitride in a mesoporous matrix of MCM-41," 2000.

[77]

S. L. Sung, S. L. Tsai, C. H. Tseng, F. K. Chiang, X. W. Liu, and H. C. Shih, "Well-aligned
carbon nitride nanotubes synthesized in anodic alumina by electron cyclotron resonance
chemical vapor deposition," Applied Physics Letters, vol. 74, pp. 197-9, 1999.

[78]

J. Li, C. Papadopoulos, J. M. Xu, and M. Moskovits, "Highly-ordered carbon nanotube
arrays for electronics applications," Applied Physics Letters, vol. 75, pp. 367-9, 1999.

[79]

D. N. Davydov, P. A. Sattari, D. AlMawlawi, A. Osika, L. Haslett, and M. Moskovits, "Field
emitters based on porous aluminum oxide templates," Journal-of-Applied-Physics, vol. 86,
pp. 3983-7, 1999.

[80]

A. Huczko, "Template-based synthesis of nanomaterials," Applied Physics A (Materials
Science Processing), vol. A70, pp. 365-76, 2000.

[81]

S. Ohtsuka, K. Tsunetomo, T. Koyama, and S. Tanaka, "Embedment of gold and CdTe
particles in glass matrix and their nonlinear optical properties," Nonlinear Optics, Principles,
Materials, Phenomena, and Devices, vol. 13, pp. 101-8, 1995.

[82]

N. Susa, "Quantum-confined Stark effects in semiconductor quantum disks," IEEE Journal
of Quantum Electronics, vol. 32, pp. 1760-6, 1996.

[83]

B. Das and S. P. McGinnis, "Novel template-based semiconductor nanostructures and their
applications," Applied Physics A, vol. 71, pp. 681-688, 2000.
85

[84]

D. Routkevitch, A. A. Tager, J. Haruyama, D. Almawlawi, M. Moskovits, and J. M. Xu,
"Nonlithographic nano-wire arrays: fabrication, physics, and device applications," IEEE
Transactions on Electron Devices, vol. 43, pp. 1646-58, 1996.

[85]

I. Avrutsky, D. Routkevitch, N. Moskovits, and J. Xu, "Optical characterization of
semiconductor nanowires fabricated by electrodeposition into porous alumina," Fourth
International Symposium on Quantum Confinement: Nanoscale Materials Devices and
Systems, 1997.

[86]

H. Masuda and K. Fukuda, "Ordered metal nanohole arrays made by a two-step replication
of honeycomb structures of anodic alumina," Science, vol. 268, pp. 1466-8, 1995.

[87]

H. Masuda, M. Nakao, T. Tamamura, and H. Asoh, "Fabrication of ordered nanostructure
based on anodic porous alumina," Proceedings-of-the-SPIE --The-International-Society-forOptical-Engineering, 1998.

[88]

D. Routkevitch, J. Chan, J. M. Xu, and M. Moskovits, "Porous anodic alumina templates for
advanced nanofabrication," 1997.

[89]

P. Yong, Z. Hao Li, P. Shan Lin, and L. Hu Lin, "Magnetic properties and magnetization
reversal of alpha -Fe nanowires deposited in alumina film," Journal-of-Applied-Physics, vol.
87, pp. 7405-8, 2000.

[90]

P. Yong, Z. Hao Li, P. Shan Lin, and L. Hu Lin, "Magnetic properties and magnetization
reversal of alpha -Fe nanowires deposited in alumina film," Journal of Applied Physics, vol.
87, pp. 7405-8, 2000.

[91]

D. N. Davydov, J. Haruyama, D. Routkevitch, B. W. Statt, D. Ellis, M. Moskovits, and J. M.
Xu, "Nonlithographic nanowire-array tunnel device: Fabrication, zero-bias anomalies, and
Coulomb blockade," Physical Review B (Condensed Matter), vol. 57, pp. 13550-3, 1998.

[92]

J. Haruyama, D. N. Davydov, D. Routkevitch, D. Ellis, B. W. Statt, M. Moskovits, and J. H.
Xu, "Coulomb blockade in nano-junction array fabricated by nonlithographic method," Solid
State Electronics, vol. 42, pp. 1257-66, 1998.

[93]

D. Routkevitch, J. Chan, D. Davydov, I. Avrutsky, J. M. Xu, M. J. Yacaman, and M.
Moskovits, "Electrochemical fabrication of the nano-wire arrays: template, materials and
applications," MRS Fall1996 Conference, Boston, MA, Boston, MA, 1997.

[94]

K. Wada, T. Shimohira, M. Yamada, and N. Baba, "Microstructure of porous anodic oxide
films on aluminium," Journal of Materials Science, vol. 21, pp. 3810-16, 1986.

86

[95]

F. Schlottig, M. Textor, N. D. Spencer, K. Sekinger, U. Schnaut, and J. F. Paulet,
"Characterization of nanoscale metal structures obtained by template synthesis," Fresenius'
Journal of Analytical Chemistry, vol. 361, pp. 684-6, 1998.

[96]

S. A. Sapp, B. B. Lakshmi, and C. R. Martin, "Template synthesis of bismuth telluride
nanowires," Advanced Materials, vol. 11, pp. 402-4, 1999.

[97]

K. B. Shelimov, D. N. Davydov, and M. Moskovits, "Template-grown high-density
nanocapacitor arrays," Applied Physics Letters, vol. 77, pp. 1722-4, 2000.

[98]

B. Das and S. P. McGinnis, "Novel template-based semiconductor nanostructures and their
applications," Applied Physics A, vol. 71, pp. 681-688, 2000.

[99]

A. Despie and V. P. Parkhutik, "Electrochemistry of Aluminum in Aqueous Solutions and
Physics of Its Anodic Oxide," in Modern Aspects of Electrochemistry, vol. 20, J. O. M.
Bockris, Ed. New York: Plenum Press, 1989, pp. 401-503.

[100] F. Keller, M. S. Hunter, and D. L. Robinson, Journal of the Electrochemical Society, vol.
100, pp. 411, 1953.
[101] S. P. McGinnis, "The Effect of Vicinal Silicon Surfaces on the Performance of Submicron
Metal Oxide Semiconductor Devices", West Virginia University, 1996.
[102] H. Masuda, F. Hasegwa, and S. Ono, "Self-ordering of cell arrangement of anodic porous
alumina formed in sulfuric acid solution," Journal of the Electrochemical Society, vol. 144,
pp. L127-30, 1997.
[103] O. Jessensky, F. Muller, and U. Gosele, "Self-organized formation of hexagonal pore arrays
in anodic alumina," Applied Physics Letters, vol. 72, pp. 1173-5, 1998.
[104] H. Masuda, M. Watanabe, K. Yasui, D. Tryk, T. Rao, and A. Fujishima, "Fabrication of a
nanostructured diamond honeycomb film," Advanced-Materials, vol. 12, pp. 444-7, 2000.
[105] V. V. Yuzhakov, H.-C. Chang, and A. E. Miller, "Pattern selection during electropolishing
due to double layer effects," Chaos, vol. 9, pp. 62-77, 1999.
[106] R. M. Metzger, F. Li, and L. Zhang, "On the growth of highly ordered pores in anodized
aluminum oxide," Chemistry of Materials, vol. 10, pp. 2470-2480, 1998.
[107] H. Masuda, M. Yotsuya, M. Asano, K. Nishio, M. Nakao, A. Yokoo, and T. Tamamura,
"Self-repair of ordered pattern of nanometer dimensions based on self-compensation
properties of anodic poruos alumina," Applied Physics Letters, vol. 78, pp. 826-828, 2001.

87

[108] P. Sines, "Fabrication of Thin Film Nanoscale Alumina Templates", M.S.E.E. Thesis, West
Virginia University, 2001.
[109] A. I. Vorobyova and E. A. Outkina, "Study of pillar microstructure formation with anodic
oxides," Thin Solid Films, vol. 324, pp. 1-10, 1998.
[110] P. M. S. Monk and C. M. Man, "Reductive ion insertion into thin-film indium tin oxide
(ITO) in aqueous acidic solutions: the effect of leaching of indium from the ITO," Journal
of Materials Science: Materials in Electronics, vol. 10, pp. 101-107, 1999.
[111] C. Garman, P. Sines, S. P. McGinnis, and B. Das, "An improved automated anodization
apparatus for fabricating nanostructure devices and porous silicon," Review of Scientific
Instruments, vol. 72, pp. 1-3, 2001.
[112] A. Loni, A. J. Simons, P. D. J. Calcott, J. P. Newey, T. I. Cox, and L. T. Canham,
"Relationship between storage media and blue photoluminescence for oxidized porous
silicon," Applied Physics Letters, vol. 71, pp. 7 July 1997, 1997.
[113] R. K. Pandey, S. N. Sahu, and S. Chandra, Handbook of Semiconductor Electrodeposition.
New York, NY: Marcel Dekker, Inc., 1996.
[114] A. Zunger, S. Wagner, and P. M. Petroff, "New materials and structures for photovoltaics,"
Journal of Electronic Materials, vol. 22, pp. 3-16, 1993.
[115] S. Bandyopadhyay, A. E. Miller, H. C. Chang, G. Banerjee, V. Yuzhakov, D. F. Yue, R. E.
Ricker, S. Jones, J. A. Eastman, E. Baugher, and M. Chandrasekhar, "Electrochemically
assembled quasi-periodic quantum dot arrays," Nanotechnology, vol. 7, pp. 360-71, 1996.
[116] D. Routkevitch, A. A. Tager, J. Haruyama, D. Almawlawi, M. Moskovits, and J. M. Xu,
"Nonlithographic Nano-wire arrays: fabrication, physics, and device applications.," IEEE
Transactions on Electron Devices, vol. 43, pp. 1646-1658, 1996.
[117] D. Routkevitch, T. Bigioni, M. Moskovits, and J. M. Xu, "Electrochemical fabrication of
CdS nanowire arrays in porous aluminum oxide templates.," Journal of Physical Chemistry,
vol. 100, pp. 14037-14047, 1996.
[118] D. Xu, Y. Xu, D. Chen, G. Guo, L. Gui, and Y. Tang, "Preparation and characterization of
CdS nanowire arrays by dc electrodeposit in porous anodic aluminum oxide templates,"
Chemical Physics Letters, vol. 325, pp. 340-344, 2000.
[119] V. Parkhutik, "Porous silicon-mechanisms of growth and applications," Solid State
Electronics, vol. 43, pp. 1121-41, 1999.

88

[120] L. T. Canham, "Silicon quantum wire array fabrication by electrochemical and chemical
dissolution of wafers," Applied Physics Letters, vol. 57, pp. 1046-50, 1990.
[121] D. T. Jiang, I. Coulthard, T. K. Sham, J. W. Lorimer, S. P. Frigo, X. H. Feng, and R. A.
Rosenberg, "Observations on the surface and bulk luminescence of porous silicon," Journal
of Applied Physics, vol. 74, pp. 6335-40, 1993.
[122] A. G. Cullis, L. T. Canham, and P. D. J. Calcott, "The structural and luminescence properties
of porous silicon," Journal of Applied Physics, vol. 82, pp. 909-966, 1997.
[123] L. Tsybeskov, V. Vandyshev Ju, and P. M. Fauchet, "Blue emission in porous silicon:
oxygen-related photoluminescence," Physical Review B (Condensed Matter), vol. 49, pp.
7821-4, 1994.
[124] G. Mauckner, J. Hamann, W. Rebitzer, T. Baier, K. Thonke, and R. Sauer, "Origin of the
infrared band from porous silicon," Microcrystalline and Nanocrystalline Semiconductors.
Symposium., Boston, MA, Boston, MA, 1995.
[125] J. Lin, G. Q. Yao, J. Q. Duan, and G. G. Qin, "Ultraviolet light emission from oxidized
porous silicon," Solid State Communications, vol. 97, pp. 221-4, 1996.
[126] C. Kittel, Introduction to Solid State Physics. New York: Wiley, 1986.
[127] S. Horiguchi, "Validity of effective mass theory for energy levels in Si quantum wires,"
Physica B, vol. 227, pp. 336-338, 1996.
[128] S. Horiguchi, "Conditions for a direct band gap in Si quantum wires," Superlattices and
Microstructures, vol. 23, pp. 355-364, 1998.
[129] M. G. Lisachenko, E. A. Konstantinova, P. K. Kashkarov, and V. Y. Timoshenko,
"Dielectric effect in silicon quantum wires," Physica Status Solidi A, vol. 182, pp. 297-300,
2000.
[130] D. P. Yu, Z. G. Bai, J. J. Wang, Y. H. Zou, W. Qian, J. S. Fu, H. Z. Zhang, Y. Ding, G. C.
Xiong, S. Q. Feng, L. P. You, and J. Xu, "Direct evidence of quantum confinement from the
size dependence of the photoluminescence of silicon quantum wires," Physical Review B
(Condensed Matter), vol. 59, pp. R2498-501, 1999.
[131] L. Tsybeskov, "Nanocrystalline silicon for optoelectronic applications," MRS Bulletin, vol.
23, pp. 33-8, 1998.
[132] D. Crouse, L. Yu Hwa, A. E. Miller, and M. Crouse, "Self-ordered pore structure of
anodized aluminum on silicon and pattern transfer," Applied Physics Letters, vol. 76, pp. 4951, 2000.
89

[133] L. M. LizMarzan, M. Giersig, and P. Mulvaney, "Synthesis of nanosized gold-silica coreshell particles," Langmuir, vol. 12, pp. 4329-4335, 1996.
[134] D. A. B. Miller, D. S. Chemla, T. C. Damen, A. C. Gossard, W. Wiegmann, T. H. Wood, and
C. A. Burrus, "Electric field dependence of optical absorption near the band gap of quantumwell structures," Physical Review B (Condensed Matter), vol. 32, pp. 1043-60, 1985.
[135] D. A. B. Miller, D. S. Chemla, and S. Schmitt Rink, "Electroabsorption of highly confined
systems: theory of the quantum-confined Franz-Keldysh effect in semiconductor quantum
wires and dots," Applied-Physics-Letters, vol. 52, pp. 2154-6, 1988.
[136] T. N. Theis, "The future of interconnection technology," IBM Journal of Research and
Development, vol. 44, pp. 379-390, 2000.
[137] A. A. Guzelian, U. Banin, A. V. Kadavanich, X. Peng, and A. P. Alivisatos, "Colloidal
chemical synthesis and characterization of InAs nanocrystal quantum dots," Applied Physics
Letters, vol. 69, pp. 1432-1444, 1996.
[138] U. Banin, C. J. Lee, A. A. Guzelian, A. V. Kadavanich, A. P. Alivisatos, W. Jaskolski, G.
W. Bryant, A. L. Efros, and M. Rosen, "Size-dependent electronic level structure of InAs
nanocrystal quantum dots: Test of multiband effective mass theory," Journal of Chemical
Physics, vol. 109, pp. 2306-9, 1998.
[139] P. Galambos and G. Benavides, "Electrical and fluidic packaging of surface micromachined
electromicrofluidic devices," Proceedings of the SPIE The International Society for Optical
Engineering, vol. 4177, pp. 200-7, 2000.
[140] K. Zweibel, "Baseline evaluation of thin-film amorphous silicon, copper indium diselenide,
and cadmium telluride for the 21st Century," Photovoltaics for the 21st Century, Seattle,
WA, Seattle, WA, 1999.
[141] B. O'Regan, D. T. Schwartz, S. M. Zakeeruddin, and M. Gratzel, "Electrodeposited
nanocomposite n-p heterojunctions for solid-state dye-sensitized photovoltaics," Advanced
Materials, vol. 12, pp. 1263-7, 2000.
[142] K. Brooks, A. J. McEvoy, U. Bach, and M. Gratzel, "Dye sensitized PV cell concepts,"
Photovoltaics for the 21st Century, Seattle, WA, Seattle, WA, 1999.
[143] D. Cahen, G. Hodes, M. Gratzel, J. F. Guillemoles, and I. Riess, "Nature of photovoltaic
action in dye-sensitized solar cells," Journal of Physical Chemistry B, vol. 104, pp. 2053-9,
2000.

90

[144] A. Banerjee, J. Yang, T. Glatfelter, K. Hoffman, and S. Guha, "Experimental study of p
layers in "tunnel" junctions for high efficiency amorphous silicon alloy multijunction solar
cells and modules," Applied Physics Letters, vol. 64, pp. 1517-19, 1994.
[145] H. S. Ullal, K. Zweibel, and B. G. von Roedern, "Polycrystalline thin-film photovoltaic
technologies: from the laboratory to commercialization," Proceedings of 28th IEEE
Photovoltaic Specialists Conference, Anchorage, AK, USA, Anchorage, AK, USA, 2000.
[146] Z. Jianhua, W. Aihua, M. A. Green, and F. Ferrazza, "19.8% efficient "honeycomb" textured
multicrystalline and 24.4% monocrystalline silicon solar cells," Applied Physics Letters, vol.
73, pp. 1991-3, 1998.
[147] N. G. Park, G. Schlichthorl, D. van de Lagemaat, H. M. Cheong, A. Mascarenhas, and A.
J. Frank, "Dye-sensitized TiO/sub 2/ solar cells: structural and photoelectrochemical
characterization of nanocrystalline electrodes formed from the hydrolysis of TiCl/sub 4,"
Journal of Physical Chemistry B, vol. 103, pp. 3308-13, 1999.
[148] S. R. Kurtz, D. Myers, and J. M. Olson, "Projected performance of three- and four-junction
devices using GaAs and GaInP," Twenty Sixth IEEE Photovoltaic Specialists Conference,
Anaheim, CA, USA, Anaheim, CA, USA, 1997.
[149] D. Gray and S. P. McGinnis, "Primary Deep Level Transitions in Cd1-xZnx:Cu and Cd1xZnx:Mn Lighlty Doped Quantum Wires," Nanostructures Research Group, West Virginia
University, Morgantown, WV 2000.
[150] P. Peka and H. J. Schulz, "Empirical one-electron model of optical transitions in Cu-doped
ZnS and CdS," Physica B, vol. 193, pp. 57-65, 1994.
[151] R. Heitz, A. Hoffmann, P. Thurian, and I. Broser, "The copper centre: a transient shallow
acceptor in ZnS and CdS," Journal of Physics: Condensed Matter, vol. 4, pp. 157-68, 1992.
[152] O. Madelung, Intrinsic Properties of Group IV Elements and III-V, II-VI and I-VII
Compounds, vol. III/22a. Berlin: Springer-Verlag, 1987.
[153] P. Harrison, Quantum Wells, Wires and Dots: Theoretical and Computational Physics. New
York: John Wiley & Sons, 2000.
[154] Y. Kayanuma, "Wannier excitons in low-dimensional microstructures: Shape dependence
of the quantum size effect," Physical Review B (Condensed Matter), vol. 44, pp. 13085-88,
1991.
[155] M. A. Green, Z. Jianhua, A. Wang, and S. R. Wenham, "Very high efficiency silicon solar
cells-science and technology," IEEE Transactions on Electron Devices, vol. 46, pp. 1940-7,
1999.
91

[156] J. F. Nijs, J. Szlufcik, J. Poortmans, S. Sivoththaman, and R. P. Mertens, "Advanced
manufacturing concepts for crystalline silicon solar cells," IEEE Transactions on Electron
Devices, vol. 46, pp. 1948-69, 1999.
[157] J. F. Allison, R. A. Arndt, and A. Meulenberg, "A comparison of the COMSAT Violet and
Non-reflective solar cells," COMSAT Technical Review, vol. 5, pp. 211-24, 1975.
[158] J. Zhao, A. Wang, P. P. Altermatt, S. R. Wenham, and M. A. Green, "24% efficient PERL
silicon solar cell: recent improvements in high efficiency silicon cell research," Solar Energy
Materials and Solar Cells, vol. 41, pp. 87-99, 1996.
[159] T. Tan, D. Swanson, R. Sinton, and B. Sopori, Tenth Workshop on Crystalline Silicon Solar
Cell Materials and Processes: A Summary of Discussion Sessions, Copper Mountain, CO,
Copper Mountain, CO, 2000.
[160] P. Fath, E. Bucher, G. Willeke, J. Szlufcik, J. Horzel, J. Nijs, and R. Mertens, "A
comparative study of buried contact and screen printed polycrystalline silicon solar cells
with a mechanically V-grooved surface texturization," IEEE First World Conference on
Photovoltaic Energy Conversion, Waikoloa, HI, USA, Waikoloa, HI, USA, 1994.
[161] R. Einhaus, E. Vazsonyi, J. Szlufcik, J. Nijs, and R. Mertens, "Isotropic texturing of
multicrystalline silicon wafers with acidic texturing solutions," Twenty Sixth IEEE
Photovoltaic Specialists Conference, Anaheim, CA, USA, Anaheim, CA, USA, 1997.
[162] H. F. W. Dekkers, F. Duerinckx, J. Szlufcik, and J. Nijs, "Silicon surface texturing by
reactive ion etching," Opto Electronics Review, vol. 8, pp. 311-16, 2000.
[163] Z. Jianhua, W. Aihua, P. Campbell, and M. A. Green, "A 19.8% efficient honeycomb
multicrystalline silicon solar cell with improved light trapping," IEEE Transactions on
Electron Devices, vol. 46, pp. 1978-83, 1999.
[164] P. Lalanne and G. M. Morris, "Antireflection behavior of silicon subwavelength periodic
structures for visible light," Nanotechnology, vol. 8, pp. 53-56, 1997.
[165] G. Bernhard, "Structural and functional adaptation in a visual system," Endeavor, vol. 26,
pp. 79-84, 1967.
[166] S. J. Wilson and M. C. Hutley, "The optical properties of 'moth eye' antireflection surfaces,"
Optica Acta, vol. 29, pp. 993-1009, 1982.
[167] Y. Kanamori, K. Hane, H. Sai, and H. Yugami, "100 nm period silicon antireflection
structures fabricated using a porous alumina membrane mask," Applied Physics Letters, vol.
78, pp. 142-143, 2001.
92

[168] B. K. Patel and S. N. Sahu, "Impedance spectroscopic study of Si/HF-electrolyte system
during Si dissolution," Applied Physics A (Materials Science Processing), vol. A71, pp. 695700, 2000.
[169] P. Joubert, A. Abouliatim, P. Guyader, D. Briand, B. Lambert, and M. Guendouz, "Growth
and luminescence of n-type porous polycrystalline silicon," Thin Solid Films, vol. 255, pp.
96-8, 1995.

93

Appendix A

The Effect of an Applied Electric Field on the Optical Properties of Porous
Silicon

If the quantum size effect is responsible for the visible light emission in porous silicon, the
photoluminescence and the optical absorption properties of the material are expected to be altered
by the presence of an applied electric field through the quantum confined Stark effect (QCSE).
QCSE is a well known phenomenon observed in semiconductor low dimensional structures, where
excitonic effects dominate optical properties . In such systems, when an electric field is applied
parallel to the direction of quantum confinement, a red-shift is observed in the photoluminescence
spectra together with a reduction in the PL intensity. However, when the electric field is applied
perpendicular to the quantum confinement direction, no such red-shift is observed. The absorption
spectra of the material also exhibits a similar behavior, showing a red-shift of the absorption edge
together with an increase in the absorption coefficient when an electric field is applied parallel to
the direction of quantum confinement. Since QCSE is quantum mechanical in origin, the optical
property modulation caused by it is extremely fast, and a number of high speed optoelectronic
devices has been proposed based on this effect [1]. If quantum confinement plays an important role
in porous silicon, it is plausible that its optical properties can be modulated through the quantum
confined Stark effect thus raising the possibilities of high speed electro-optic device applications of
this material.
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To investigate the effect of electric field on the photoluminescence spectra, two different device
structures were fabricated. Cross-sectional diagrams of the two devices, referred to as the
perpendicular field device and the parallel field device are shown in Figures 1(a) and 1(b)
respectively. The device labels indicate the direction of the applied electric field relative to the
porous silicon growth direction. For both devices, the starting wafers were p-type {111} 0.1-0.3
Ohm-cm single crystal silicon wafers. Prior to anodization, the back of the wafers were coated with
aluminum followed by an annealing step to provide good back ohmic contact. The wafers were then
anodized in 49% HF and ethanol solution. For the perpendicular field device, the anodization was
carried out for 10 minutes.

Figure 1:Cross sectional structure of (a) the
perpendicular field device and (b) the parallel field
device. The device labels indicate the direction of the
applied electric field relative to the porous silicon
growth direction.
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After anodization, aluminum metal lines with 2 mm spacings were deposited on the porous silicon
surface through a shadow mask to form the electrodes for application of the electric field. There was
no annealing performed on the top aluminum electrodes. For the parallel field device, anodization
was performed at a fixed current density of 50 mA/cm2 for only 30 seconds to keep the thickness
of the porous silicon layer small (~1 micron) in order to produce sufficiently large electric fields.
Immediately after anodization, a pre-oxidation step was performed on the porous silicon layer for
1 hour at 300o C to form a thin layer of oxide on the surface. Next, a thin film of gold (~ 10 nm)
was deposited on the surface of the porous silicon to form a semitransparent electrode. The gold
electrode was contacted using a 300 nm thick gold layer for external connections. Since similar
anodization parameters were used for the perpendicular and the parallel field devices, their porosities
and optical characteristics are also expected to be alike.

Photoluminescence measurements were performed on the perpendicular and the parallel field device
at different electric fields. The PL spectra were measured at 12K using an Ar+ ion laser, a one meter
single pass monochromator, photomultiplier tube and standard photon counting electronics. The
laser beam was focused in the inner-electrode gap for the perpendicular field device, and on the thin
semi-transparent gold electrode for the parallel field device. The effect of perpendicular electric
fields on the photoluminescence spectra is presented in Figure 2 where the spectra for only three
different voltages are shown for clarity. Without any electric field present, the PL spectrum shows
a peak energy of 1.73 eV which corresponds to a blue-shift of 0.63 eV from crystalline silicon. With
increasing electric fields, the photoluminescence spectra show clear red-shift together with
quenching of the PL intensity. For an applied voltage of 120 V across the aluminum electrodes
(spacing of 2 mm), the red-shift observed was 65 meV with an almost 50% reduction in the PL
intensity. The positions of the PL peak energies as a function of the applied voltage is shown in
Figure 3. Similar photoluminescence quenching with electric field has been also observed by Lue
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et. al.[2], however they did not report any red-shift in the PL peak intensity; the absence of a red
shift may be due to the low value of electric field (29 V/cm) used in their experiments.

Figure 2: The photoluminescence spectra of porous silicon under an
electric field applied perpendicular to the porous silicon growth direction.

Figure 3: The dependence of the photoluminescence peak energy
position on the applied voltage for the perpendicular field device.
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The effect of electric field on the photoluminescence spectra for the parallel field device is shown
in Figure 4. The PL intensity measured in these devices was much weaker due to attenuation of light
in the semi-transparent gold electrode. From Figure 7, the peak PL energy for the parallel feild
device is approximately at 1.74 eV which is very similar to that observed for the perpendicular field
device. Such similarity is expected due to the similar anodization parameters used in the two types
of devices. The data in Figure 4 is some what noisy, however, the PL spectra do not show any clear
evidence of red shift, although the PL intensity is reduced with increased electric fields. The data
observed in Figure 4 is qualitatively similar to the quenching of PL intensity observed by Koyama
[3]and Parkinson [4] with an electric field applied parallel to porous silicon growth direction.

Figure 4: The photoluminescence spectra of porous silicon under an
electric field parallel to the porous silicon growth direction.
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Based on the above results, we next investigated the effect of an electric field on the optical
absorption properties of porous silicon. Since crystalline silicon has a lower band-gap compared
to porous silicon, it is not possible to perform transmission measurements with the substrate present.
Usually, this is circumvented by separating the porous silicon from the substrate through electropolishing. However, we found that self-supporting PS structures created by anodizing completely
through a thinned layer of silicon provide better stability and handling. The starting material for this
device was p-type {111}, 0.1-0.3 Ohm-cm substrate with a thickness of 375 microns. The wafer was
masked and patterned, and a circular area was etched down to 200 microns using a (1:4:1) solution
of HF:HNO3:CH2COOH. The sample was then anodized completely through the 200 micron thick
central layer resulting in a porous silicon structure that could mechanically support itself due to its
large thickness. Next, two 500 nm thick aluminum pads with a spacing of 1 mm were deposited on
top of the PS film for the application of an electric field perpendicular to the porous silicon growth
direction. The absorption spectra were then measured using a Perkin-Elmer Lambda Array 3840
UV/Visible Spectrophotometer at 12 K, and the results are shown in Figure 14. The figure shows
that with increased electric field, the absorption spectra is broadened and the absorption edge
undergoes a red-shift accompanied with an increase in the absorption coefficient.
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Figure 5: The absorption spectra of the self supporting porous silicon
film under an electric field applied perpendicular to the porous silicon
growth direction.

The experimental data presented above show strong resemblance to the quantum confined Stark
effect (QCSE) described earlier. Both the photoluminescence and the absorption spectra show a redshift with increasing electric field. Also, the photoluminescence intensity was reduced and the
absorption coefficient increased with increasing electric field as is expected for QCSE. After a
detailed analysis of the experimental data, we conclude that direct quantitative correlation with
theoretical predictions are not possible due to the non-uniformity of the internal electric field in
porous silicon[2]. However, based on our analysis presented below, it does seem reasonable to
attribute the experimental results at least partially to QCSE.

Without an applied electric field, the PL spectra show a peak at 1.73 eV (Figures 11 and 13) which
closely matches the absorption edge (Figure 14). This indicates a blue-shift of 0.63 eV compared
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to the band-gap of crystalline silicon. Using the quantum confinement model, this blue-shift implies
that the PS layer is composed of nanostructures with a diameter of 3 nm. However, it is important
to note that porous silicon is a highly non-uniform material, and the 3 nm estimated diameter refers
to the dominant structure that contributes to the optical absorption and photoluminescence
characteristics of the material. Although it is difficult to determine the exact magnitude of the
electric field inside the PS film, the potential drop across a quantum confined structure needed to
produce the observed red-shifts can be estimated from electrostatic considerations. The largest redshift observed in the PS spectra is 65 mV, which corresponds to an internal electric field of 2x107
V/m. This is less than the breakdown field of silicon (3x107 V/m), and electric fields of this
magnitude have been previously reported in porous silicon[5]. Also, for QCSE observed in two
dimensional structures, such as quantum wells, the red-shift shows a quadratic dependence on the
electric field [1]. The data in our devices (Figure 3) do not show such a quadratic dependence and
instead could be best fitted by a third order polynomial. This is consistent with a theoretical
investigation of the properties of CdS nanostructures which shows a higher order dependence of the
red-shift on applied electric field [6], claimed to be due to the modification of the exciton binding
energy caused by the applied electric field.

In summary, we have experimentally demonstrated a red-shift in PL peak position and quenching
of the PL intensity with an electric field applied perpendicular to the porous silicon growth direction.
We have also demonstrated a similar behavior in the electro-absorption characteristics of a selfsupporting porous silicon film. These results agree qualitatively with the quantum confined Stark
effect that is commonly observed in low dimensional semiconductor structures. Besides providing
additional indications that the optical properties of PS are possibly due to the result of quantum size
effect, the experimental electro-absorption data also demonstrates the potential of this material for
silicon based electro-optic devices.
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Appendix B

Pulsed Current Anodization of Porous Silicon

The interest in porous silicon (PS) is fueled by its potential applications in silicon based
optoelectronic circuits[1, 2]. The recent demonstration of a porous silicon light emitting device
modulated at 200 MHZ [3], and the implementation of a PS based optoelectronic circuit [4], indicate
the real possibility of this material for practical applications. Optoelectronic applications, however,
will require efficient PS based light sources that are both reliable and reproducible, and a PS based
PN junction light emitting diode (LED) is appropriate and a realistic objective. A number of
different porous silicon LEDs have been already demonstrated [5-12], however, significant
improvements in device fabrication, performance, and stability are still required before any practical
applications of such devices become possible.

The investigation of porous silicon PN junction LEDs has been confined primarily to unpatterned
structures where the PN junction is formed through out the whole wafer using blanket doping . The
area of such an LED is primarily defined by the top electrode. Although such devices are useful for
demonstration purposes, patterned LEDs with lithographically defined features are preferred for
their compatibility with crystalline silicon manufacturing process, and their improved reliability and
performance[2]. In addition, the P and N regions of the LEDs are desired to be heavily doped since
higher doping leads to improved device performance through (i) increased majority carrier injection
in LEDs, (ii) reduced LED threshold voltage, and (iii) increased light emission efficiency. However,
as described below, anodization of patterned PN junctions using DC currents was found to be very
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difficult, and in case of heavily doped structures almost impossible. To eliminate this problem we
have investigated and developed a pulsed current anodization method where current pulses are used
to anodize the heavily doped patterned PN junctions.

PN junction structures were fabricated on P-type {111} crystalline silicon substrates of 0.1-0.3 Scm resistivity. A number of PN junctions, approximately 1.5-1.7 :m deep, were formed by diffusion
of N-type impurity through an oxide mask with the N-regions approximately 2 mm in diameter.
Next, an aluminum layer was evaporated on the back of the substrate and annealed to form an ohmic
contact to facilitate anodization and testing. The electrolyte used for anodization was 2:1:1 mixture
of ethanol, HF and H2O. After anodization, the wafer was rinsed in deionized water and dried
naturally in air. The samples were then immediately loaded in a vacuum chamber and a 12 nm thick
layer of gold, 1.5 mm in diameter, was deposited on top of the N-layer through a shadow mask to
serve as the semi-transparent top electrode.

Initially we attempted to anodize the PN junction structures using a constant DC current. It was
found that the P-region alone was being anodized and the N-region remained relatively unaffected.
If the anodization was carried out for a long period of time, the N-layer could be partially anodized,
but it was not possible to anodize through the full thickness of the N-layer even with extended
anodization periods. We believe that this is caused by preferential current flow in the P-type
material due to the configuration of the top electrode and the potential barrier at the PN junction.

During anodization, the electrolyte serves as the top electrode which contacts the whole surface of
the wafer, both the p and the n-regions (Figure1a). For the N-layer to be anodized, it is necessary
for the anodization current to flow across the PN junction into the N-layer. However, due to the
potential barrier at the junction, the anodization current initially flows only through the low
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resistance P-layer that surrounds the N-region. As a result of this preferential current flow, the Ptype material surrounding the N-layer becomes anodized, leaving the N-layer relatively unaffected.
However, as the P-layer becomes more porous, its resistance increases, and a portion of the
anodization current begins to flow across the junction into the N-layer. This is why, when the
anodization was carried out for a long period of time, it was possible to partially anodize the Nlayer.

Figure 1: Current distribution during anodization in
patterned PN junction structures a (a) predicted, and (b)
simulated.

This explanation was confirmed by a simulation of the PN junction structure using the MEDICI
electrostatic device simulation program provided by Avanti corporation. MEDICI self-consistently
solves the Poisson equation and the carrier continuity equation on a two-dimensional grid. The
simulated device was designed to match the doping density and dimensions of the experimental
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devices.
determined

The current flow through the device was
by

a

two-carrier

solution

using

the

concentration and field dependent mobility models. The
results of this simulation are shown in Figure 1b with the
vectors indicating the direction of current flow at each grid
point. The length of the vector is directly proportional to
the magnitude of the current flow at each grid point.

From the simulations it is seen that the current flowing in
the N-layer is only a small part of the total anodization
current. This implies a very low anodization rate in the Nlayer. This problem is significantly increased for N-layers
that are heavily doped since the anodization rate of N-type
silicon decreases with increased doping density.

It was also observed that anodization performed under
ultra-violet (UV) light did not increase the anodization rate
of the N-layer.

UV light is typically

used during

anodization of N-type materials to provide the positively
Figure 2: Current profiles for (a) pulsed

charged holes that are necessary for the electro-chemical current anodization, and (b) DC + pulsed

current anodization. The dashed line in (a)

reactions to take place. We believe that when anodization indicates the threshold current for
electropolishing

of the N-layer begins, holes are injected across the PN
junction and into the P-layer, and are therefore not available for the electrochemical reaction. This
would explain why UV illumination does not increase the anodization rate of the N-layer.
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A possible solution to the problem of anodizing heavily doped PN junctions is to substantially
increase the anodization current which would increase the anodization rate in the N-layer. However,
there is a limit on the maximum anodization current that can be used, after which electropolishing
takes place and damages the device. To circumvent this problem, we have developed the technique
of pulsed current anodization of porous silicon [13] (also reported in [14] later on). Using this
method, a sequence of current pulses are used to anodize the heavily doped structures (Figure 2a).
This allows the use of a large current density to increase the anodization rate in the N-layer, without
the risk of electropolishing the LED structures.

We have fabricated a number of porous silicon PN junction LEDs using the pulsed current
anodization technique. PL measurements confirmed (described below ) that the n layers were
completely anodized without peel-off or electropolishing. We have also developed a combination

Figure 3: Photoluminescence spectra at various points on a patterned
PN junction structure anodized with pulsed current.
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of pulsed and DC currents during anodization which appear to produce better results (Figure 2b).
A constant DC current is first used to anodize the surface of the P-layer surrounding the N-region.
Since the porous P-layer has a large resistance, the percentage of anodization current flowing
through the junction was increased during the application of the pulsed currents.

Figure 4: Comparison of photoluminescence spectra for devices
anodized with pulsed current and direct current.

A patterned porous` silicon PN junction LED fabricated by the pulsed current anodization method
was performed by a constant DC current ( l0mA/cm2 ) for 30s followed by a sequence of 10 pulses
of 5s duration at 370mA/cm2 current density. Figure3 shows the PL spectra from different points
on the device. All PL spectra were measured by direct excitation of the porous silicon surface using
the 364nm line from an Argon ion laser. The upper three spectra were obtained from different points
on the PN junction area (points a, b and c) to check the surface uniformity, which, from Figure 3,
was found to be excellent. The lower spectrum was obtained from the P-type porous silicon surface
outside the patterned area (point d). From Figure 3, the PL spectrum from p type porous silicon has
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a peak wavelength of around 650nm while the PL spectra from the porous silicon PN junction have
two peaks at 700nm and 650nm. This suggests that the PL from the junction area is composed of
light emission from both N-type and P-type porous layers, confirming the formation of porous
silicon all through the PN junction.

Figure 4 compares the PL spectra from a pulsed current anodized device with that from a constant
current anodized device ( 50mA/cm2 for 5 minutes ). Both spectra have a peak at 700nm which
indicate that the N-region in both devices have the same porosity. However, the PL intensity for the
pulsed current anodized device is more than an order of magnitude higher than that for the constant
current anodized device, indicating that the N-porous layer is thicker for the pulse-current anodized
device.

Some preliminary results on LED characteristics fabricated by the pulsed current anodization are
presented below. Detailed results of measurement together with comparisons of DC anodized and
pulsed current anodized LEDs will be presented elsewhere[15]. The LED has a non-ideality factor
of 5.74 and a series resistance of 241S. All LEDs fabricated by the pulsed current anodization
technique emitted visible light under forward bias condition; visible light was observed to emit
uniformly from the PN junction area and the light intensity increased linearly with the forward bias
current. This was in direct contrast to the DC current anodized LEDs which showed light emission
only under reverse bias conditions.

As discussed previously, a heavily doped PN junction is desired for the fabrication of porous silicon
LEDs. To investigate the effect of doping density on LED performance, we have fabricated devices
with two different doping densities. For device-l, the doping density in the p and n regions were
2xl017/cm3 and 5xl019/cm3 respectively, whereas for device-2, the p and n doping densities were
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8xl019/cm3 and 1.5 X 1020 / cm3 , respectively, as shown in Table I. Porous PN junctions were
fabricated using the pulsed current anodization technique discussed previously. Both devices showed
electroluminescence under forward bias condition. The threshold voltage and current for light
emission are shown in Table 1. From Table I, it can be seen that the threshold voltage of porous
silicon LEDs can be lowered significantly by increasing the doping density in the junction area, an
important factor for practical applications of these devices. An area of concern for porous PN
junction LEDs is their lifetime, which in our case ranged from several minutes to several hours. The
failure mechanisms for these devices are not clear at this time, and are currently under investigation.
Also, the quantum efficiencies of these devices, for which we do not have any quantitative data at
this time, appear to be quite low. We believe that the quantum efficiency can be improved by
optimizing the device design and fabrication, such as substrate resistivity, doping density, junction
depth and anodization conditions, and is currently under investigation.

Table I. LED threshold voltages and currents for devices with different doping densities.
____________________________________________________________

Device

Doping densities / cm3

Threshold voltage & current

____________________________________________________________

1

NA = 2x117 , ND = 5x119

42 V, 6 mA

2

NA = 8x119 , ND = 1.5x120

5 V, 20 mA

____________________________________________________________
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In summary, we have successfully fabricated porous silicon PN junction LEDs from heavily doped
patterned PN junctions. The traditional DC current anodization was found to be unsuitable for the
anodization of these structures. Successful anodizations were performed by using pulsed currents,
where large current densities can be used with out the risk of electropolishing. Photolumiscence
measurements performed on these devices confirmed that the N layers were anodized completely
through the PN junctions. The LEDs show uniform visible electroluminescence under forward bias
conditions. In addition, the investigation of the effect of doping density on device performance
shows that the LED threshold voltage can be lowered by increasing the doping density in the device.
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